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Abstract 
The purpose of this work was to examine the behavior of the 
dimethylphosphinomethanide ligand in Group IV organometallic chemistry. The potential 
LX interaction between the phosphorous atom and the metal center was investigated. 
The ligand was examined for potential use in metallocene-based Ziegler-Natta catalysis 
of olefinic monomers. The complexes were analyzed by multinuclear NMR and were 
tested for reactivity toward propylene polymerization. 
The Lewis acid complex, tris(pentafluorophenyl)borane, was utilized in the 
attempted generation of a Ziegler-Natta active catalyst. The Lewis acid was expected to 
remove the dimethylphosphinomethanide ligand after the formation of a dative bond 
between the phosphorous atom of the metallocene complex and the boron atom of the 
Lewis acid. 
The data supports the formation of a phosphorous-boron dative bond. However, 
the data do not support the complete abstraction of the dimethylphosphinomethanide 
ligand. The data do not confirm the metallocene-Lewis acid complex to be active 
towards propylene. 
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§1 Introduction 
§1.1 Introduction to the dihydrocarbylphosphinomethanide ligand 
The dihydrocarbylphosphinomethanide ligand, R2PCH2·,
1
•
29 illustrated below by 1 
in Figure 1.1, is a known structural moiety in organometallic chemistry, although the 
chemistry is under-explored. Dimethylphosphinomethanide possesses several features, 
which indicate that organometallic complexes, which contain this ligand, may display rich 
reaction chemistry. 
Structurally, several bonding possibilities exist at a single metal center (Figure 
1.2). The simplest is the formation of a er bond between the anionic methylene group and 
the metal center, whereby the ligand acts as an X ligand under the MLX formalism.29 The 
MLX formalism classifies covalent compounds according to the total number of electrons 
in the valence shell of the element M and the number of electrons required by the ligands 
in the formation of the ligand bonds to M. X-class compounds require one electron from 
the element to form a bond, and L-class compounds require two electrons for bond 
formation. A second mode, LX, can also occur through formation of a dative bond using 
the lone pair on phosphorous in addition to the formation of the M-CH2 er bond. In this 
case, 1 acts as a 112 ligand, which donates three electrons to the metal center. 
Dimethylphosphinomethanide is also potentially hemilabile,3o-33 by which is 
meant that 1, as an LX ligand, can dissociate, leaving a vacant coordination site at the 
metal center and reducing the electron count at the metal, as illustrated in Figure 1.2. 
/P�,,,,,, ... 
·H2C' ' Me 
Me 
Figure 1.1: Dimethylphosphinomethanide, 1 . 
•....
.. Me 
�� 
M .p Me 
II 
Figure 1.2: Equilibrium displaying the potentially hemilabile nature of the 
dihydrocarbylphosphinomethanide ligand. 
The vacant site permits the coordination of a substrate or other ligand, prior to 
reaction in the coordination sphere of the metal. The potential hemilabile nature of this 
ligand may be of benefit in Ziegler-Natta catalysis, one of the foci of the work presented 
in this thesis. 
The first bonding mode I alludes to the potentially greater stability of 
organometallic dihydrocarbylphosphinomethanide complexes towards decomposition. A 
common mechanism for metalloalkyl decomposition is �-hydride elimination.34•37 In the 
case of 1, prevention of �-elimination is accomplished as a result of the �-site lacking 
hydrogen atoms .. Depicted in Figure 1.3, dimethylphosphinomethanide differs from other 
�-elimination resistant ligands, such as benzyl3s-45 2 neopentyl27•34•46.47 3 or 
(trimethylsilyl)methyl48•49 4 in that coordination of the � position to the metal center is 
possible, resulting in 1 acting as an LX ligan�. For a neopentyl or (trimethylsilyl)methyl 
ligand to behave as an LX ligand, a y-agostic interaction would result; such interactions 
are known 550•51 but are rare. Hapticities of greater than one are also known for benzyl 
ligands 6.52 Superficially, 1 resembles other �-elimination resistant ligands but can 
coordinate in a very different manner as an LX ligand. 
Metal-carbon bon.ds are synthetically versatile reacting via one- or two-electron 
processes or through concerted mechanisms. Nucleophilic addition of metal alkyls to an 
electrophile, such as a proton, is a simple method of elaboration of the metal center. 
2 3 
5 
Me 
Me�Me 
Me 
L 
Me 
·••••••:Zr,�.--•• 
........ --
-- .. _--..::::::: 
l\ 
6 
Figure 1.3: Examples of complexes containing J3-hydride elimination resistant 
ligands. 
2 
Similarly, use of other electrophilic reagents, including the boron-containing Lewis acids 
such as B(C6F5h, 
53
'
54 which will be addressed in § 1.3, can open the coordination sphere 
of the metal prior to reaction. For the purpose of this thesis, the reactions of interest are 
polymerization reactions. Hydrogenation of the M-C bond often leads to the formation of 
the hydride, 1 9•21 •22 and in the case of complexes of 1 ,  this reaction may take place through 
a transition state in which the metal center may remain coordinated to the generated 
phosphine.23 
This thesis presents the result of studies that explore the synthesis of new alkyl 
complexes of early cf transition metals and survey the use of 
dimethylphosphinomethanide as a ligand in metallocene-based homogenous Ziegler­
Natta catalysis. 
§1.2 Prior work using the dihydrocarbylphosphinomethanide ligand 
Dihydrocarbylphosphinomethanide complexes exist for main group2•8•9 and d­
block elements. 1 s-19•21 Both bonding modes described above are documented for main 
group and d-block elements. However, since the work presented in this thesis concerns 
Group IV transition metals, the chemistry of the main group complexes will not be 
discussed unless directly applicable. 
Transition metal complexes utilizing the dihydrocarbylphosphinomethanide 
ligand, exemplified by 7, were reported by Schmidbaur and others in the mid-1970's. 1 '55 
Such complexes exhibited exclusively LX-bound systems. Related structures containing 
heteroatoms (Figure 1.4) such as oxygen 856 or nitrogen 957 in place of the phosphorous 
atom also displayed a bonding mode analogous to I. 
Late d-block complexes utilizing the M-CH2-X(R)0 backbone, where X is a Lewis 
basic atom, displayed almost exclusively ri2-bonding schemes. The lone exception was a 
7 
Figure 1.4: Examples of related structures exhibiting an LX bonding mode. 
3 
single T\ 1 -bonded nitrogen system 10 (Figure 1.5).58 The observed structural preference 
for 112-bonding of 1 in late d-block complexes did not carry over into Group IV chemistry. 
In 1980, Schore synthesized Cp2Zr(R)CH2P(C6H5h, (R = n-C8H11, 11; (CH2)4CH=CH2, 
12). 12  These complexes were the first examples of the dihydrocarbylphosphinomethanide 
ligand complexed with a Group IV metal. Both complexes exhibited exclusively T\ 1 -
bonding between the ligand and metal as in I. 
In 1982, Schore et al. conducted a molecular orbital analysis using the Extended 
H0ckel method (EHM) to investigate the hemilabile nature of the ligand.1 1  EHM does not 
take into account electron spin or electron-electron repulsion. EHM also ignores the fact 
that molecular geometry is partly determined by internuclear repulsions and makes no 
attempt to overcome these defects.59 Using the crystallographic structure as an initial 
configuration and then varying the Zr-C-P angle, Schore was able to derive a V'falsh 
diagram for Cp2ZrCl(CH2PH2) .  The investigation predicted that there are two local 
minima: one with the Zr-C-P angle of 140° , which is consistent with a strictly n 1 -bound 
ligand, the other with an angle of 80°, which is consistent with an n2-bound ligand (Figure 
1 .6). The n2-bound system was lower in energy by 1 17 kJmor1 . When applied to 
diphenylphosphinomethanide systems, such as Cp2ZrCl(CH2PPh2) ,  the two minima 
where only separated by about 21 kJmor1 with the n2-bound system lower in energy. 
According to the "hard/soft" acid/base theory proposed by . Pearson,so-6
3 the 
"hard" metal center was not expected to interact with the "soft" phosphorous atom of the 
ligand. Hard/soft acid/base theory holds that hard acids will interact with hard bases as 
rt'2? /�·:h 
� ,, .. -CH2 
Zr� 
�
R 
10 11, 12 
Figure 1 .5: Examples of related structures exhibiting an X bonding mode. 
H 
� # ,, ... H  ,,,,, Zr 1400 p Zr
�
p��
H 
Figure 1 .6: Diagram of the two conformers predicted as the 
energy minima in the EHM inverstigation by Schore. 
4 
soft acids will interact with soft bases. By definition a soft acid is one that will complex 
readily to soft bases that are of low proton basicity. A hard acid is one that relies strongly 
on basicity and little on polarizability. As such, a soft acid/base is described as a highly 
polarizable atom and a hard acid/base is a non-polarizable atom as determined by the 
potential mixing of molecular orbitals. The energetically more favorable metal­
phosphorous interaction in Cp2Zr(CH2P(Ph)2)CI did not compensate for the destabilizing 
"hard/soft" interaction. In the sole 11 1 -bonded nitrogen system 1 O the nitrogen-based 
ligand was expected to behave as an X ligand for these same reasons. 
Group IV metallocene dihydrocarbylphosphinomethanide complexes classically 
follow a bonding mode analogous to I. Changes in the hydrocarbyl groups did not affect 
the bonding mode observed. For Group IV metallocene systems where the hydrocarbyl 
A-groups are Me or Ph, strictly 11 1 -bound systems are observed. Karsch et al. suggested 
that the bonding modes of Group IV complexes of 1 intimately depend on the methylene 
carbon atom.4•5 Upon substitution with -SiMe3 1 3  or -PMe2 1 4  at the methylene carbon, 
112-bound species of Group IV dihydrocarbylphosphinomethanide derivatives were 
observed (Figure 1.7). The enhancement of the nucleophilicity of the carbon atom and 
resulting increase in the effective "hardness" of the phosphorous atom allowed for the 
exclusive formation of bonding mode I above. The dependence of the bonding modes of 
1 on the Cp framework has not been determined. 
Generation of transition metal complexes of 1 has been demonstrated via 
numerous methods with many synthetic routes progressing from complexes with 
coordinated trialkylphosphines. Sufficiently electron-rich metal centers potentially 
undergo spontaneous oxidative addition via C--H metallation of trimethylphosphine to 
form M(112-CH2PMe2)H complexes. C--H metallation of trimethylphosphine typically 
results in an equilibrium between the PMe3 coordinated complex and metal complexes of 
1 .  In 1982 Green et al. showed that Mo(PMe3)6 1 5  eliminates trimethylphosphine and C­
H activates to form the LX species MoH(112 -CH2PMe2)(PMe3)4 1 6  (Figure 1 .8) in solution 
1 3  1 4  
Figure 1 .  7 :  Diagram of 112 -bound Zr complexes of 1 .  
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Figure 1.8: Formation of 112 coordinated species by C-H activation (15, 16 M = 
Mo; 17, 18 M = W). 
in benzene at 20 °C.25 Work by Parkin et al. in 1991 showed similar results with 
W(PMe3)6 17, which was found to be in equilibrium with WH(PMe3)4(ri
2-CH2PMe2) 18 in 
benzene at room temperature (Figure 1 .8). 1 9  
Ligand synthesis has also been achieved via reductive dechlorination of metal 
chlorides with coordinated PMe3 • The removal of the chloride ligand leaves a vacant 
coordination site and a sufficiently reactive metal center for the C-H metallation of PMe3• 
The significant difference between this method and the prior case arises from the 
preservation of the formal oxidation state of the metal center. In 1981 Shaw et al. 
reported that upon treatment with Li(CH2)5Li, mer-[lrCl3(PMe3h] 19 formed the 11
2-
coordinated species lrCl2(ri
2-CH2PMe2)(PMe3)2 20 (Figure 1 .9).
28 Green et al. reported in 
1987 the synthesis of [T a(112 -CH PMe2)(ri
2 -CH2PMe2)(PMe3h] 22 by the reduction of . 
[TaCl(112-CHPMe2)(PMe3)4] 21 with sodium sand (Figure 1.10).
1 8
,
25 
Schore generated complexes 11 and 12 by the metathesis reaction of a metal 
chloride 23 with the lithium salt of diphenylphosphinomethanide. Schore's procedure, 
utilizing the lithium salt of dimethylphosphinomethanide 1 Li as performed by Karsch, is 
the standard procedure of the work presented in this thesis (Figure 1.1 1  ).1 0·12 
Late d-block chemistry of 1 has shown phosphinomethanide complexes to be 
effective C-H bond activators in aryl systems. Flood et al. reported a 
phosphinomethanide osmium complex 23, which exhibited the capability of C-H 
activation and insertion into C6H6 to form a phenyl hydride osmium complex 24 (Figure 
1.12).26·27 The protonation of the M-C bond of ligand 1 in complex 23 and the 
coordination of PMe3 to the metal center proceeded in a concerted mechanism. 
6 
Cl 
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Figure 1.9: Formation of 112-coordinated Ir complex by chloride abstraction. 
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Figure 1.10: Generation of LX Ta species by chloride abstraction. 
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Figure 1.11: Synthetic route for the generation of phosphinomethanide complexes. 
H 
Me,Pl,, .......... J ........ """'"f"' 
Me3P,,,,,,, 1 � PMe2 
PMe3 
23 
cycloalkane 
H 
Me3P1tr,,,,,,. I .. ,,,,,,,,,PMe3 ···os·· 
Me3Pflll"""' , ......____,CsHs 
PMe3 
24 
Figure 1 .12: C-H activation of benzene via l igand 1 .  
7 
Parkin et al. reported the electron-rich complex 18  (Figure 1 . 1 3) activates the C­
H bond of phenols forming four- and five-membered oxametallocycles 26 (Figure 1 . 1 0).21 • 
23
'
64 The initial reaction in the formation of the oxametallocycle was the protonation of 1 
and PMe3 elimination to form 25 with a vacant site for reaction. Oxidation of the metal 
center in 25 resulted in the C-H activation of the sufficiently electron rich complex 
generated in the reaction. 
§1.3 Introduction to Lewis-acidic perfluoroaryl boranes 
Tris(perfluorophenyl)borane, B(C6F5h 2765 (Figure 1 . 1 4) is a powerful Lewis acid, 
which is commonly used in organometallic chemistry. The high Lewis acidity of 
perfluoroarylborane complexes allows such complexes to display highly varied reaction 
chemistry in catalytic cycles. 
No single-crystal X-ray crystallographic data have been reported for 27. IR data 
supports the structure to be of D3 symmetry with three canted perfluorophenyl groups in a 
pseudo-trigonal planar array around a central boron atom.65 
PM9a 
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Figure 1.13: Oxametallocycle formation from phenols via 
dimethylphosphinomethanide tungsten complex. 
F 
Figure 1 . 14: Tris(perfluorophenyl)borane, 27. 
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The molecular orbital diagram (Figure 1 . 1 5) of BX3 in 03 symmetry alludes to the 
emergence of the dominant feature of the complex. The unoccupied orbital of a 1 
symmetry gives rise to the overall Lewis acidity of the complex. 
The Lewis acidity in tris(perfluoroaryl)borane systems arises as a result of the 
same fundamental phenomena and the effectiveness of 27 as a Lewis acid is dependent 
on the nature of the ligands. Powerful a-induction effects imposed on the boron atom by 
halide ligands, in BX3, results in the effective transfer of electron density towards the 
halide. The same effect occurs in the case of the perfluoroaryl ligand. The difference in 
the two species arises from the ability to "n-donate" electron density to the boron atom, 
which severely negates the effects of a-induction. Electron-rich halides are capable of 
such a mechanism. However, the canting of the perfluoroaryl rings of 27 prevents such 
an interaction as exemplified by the borane complex 28 (Figure 1 . 1 6).66 
Because of the canting of the perfluoroaryl rings in tris(perfluorophenyl)borane, 
a-induction effects at the boron center dominate the Lewis acidic properties of 27. 
Figure 1 .1 5: Molecular orbital diagram of 8X3 in Os 
symmetry, where X is a pure a donor. 
FJF 
CsFs� F 
F�B�C•F: 
�r _ c  
F 
� �  F F C5 F5 F F 
Figure 1 .1 6: Tris(perfluoroaryl)borane, 28. 
9 
Gillespie has utilized ligand close packing theory (LCP) to show that the shorter, stronger 
bond imparts more ionic character on the boron atom in BF3 vs. BCl3•
67
"
70 However, the 
B-CI bond took less energy to lengthen, which made for a stronger Lewis acid toward 
strong Lewis bases. The drastically increased steric bulk from F to At lengthens the B­
ArF bond and further increases the effective Lewis acidity of the complex. 
Electron donors such as THF or ether-based compounds, as well as sulfides, 
amines and phosphines, rapidly form exceptionally stable adducts with B(C6F5)3. 
Tris(perfluorophenyl)borane is also known to form adducts with alkyl groups of 
organometallic complexes. The methyl group of Cp2Zr(CH3h is abstracted by 27 to form 
weak anion-cation interactions (Figure 1.18).53 
§1.4 Prior work with perfluoroaryl boranes 
The synthesis of tris(perfluorophenyl)borane was first reported in 1964 by 
Massey and Park.65 There were only ca. 25 citations of the Massey and Park publication 
in the 25 years following the initial publication. In the early 1990's, independent work by 
Marks53 and Ewen54 confirmed that, in combination with Group IV metallocene alkyls, 
BArF 3 promotes highly efficient Ziegler-Natta olefin polymerization by alkyl abstraction 
from metallocene precatalysts. Marks reacted (C5H3Me2h2r(CH3h with a single 
equivalent of 27 in non-coordinating solvents to yield the ionic complex 29 as a weakly 
coordinated ion-pair (Figure 1.18).71 Academic and industrial research into the use of 
fluorinated aryl boranes as Ziegler-Natta cocatalysts has rapidly expanded since that 
time.72 
When treated with 27, the dibenzyl zirconocene complex 30 yields a 1fbound 
cationic complex (Figure 1.17). 73 The resulting complex shows an anion, which is well 
separated from the metallocenium cation, based on spectroscopic data. The MeB(C6F5)3-
+ 
30 
Figure 1 .17: Organometallic complex exhibiting ligand 
abstraction by the use of Lewis acid 27. 
10 
anion in complexes such as 29 is more coordinating with metallocenium cations than 
other perfluorinated alkylboranes such as [PhCH2B(C6Fshr or [B(C6F5)4r.
73 The stronger 
cation-anion interaction gave greater stability to the highly electron-deficient metal 
center. This interaction potentially allows for improved hydrocarbon solubility and allows 
greater ease in crystallographic characterization. 72 The use of the weakly interacting 
B(C6F5)4. anion does pose great advantages in producing highly active Ziegler-Natta 
catalysts. 53'71 
Bonding modes for tris(perfluorophenyl)borane anion-cation pairs are varied and 
complex. Upon alkyl group abstraction by 27 in organometallic complexes, the 
stabilization of the cation is the driving force in the variety of observed bonding modes. 
Addition of tris(perfluorophenyl)borane to an organometallic species commonly 
forms a simple datively bound adduct with the boron atom receiving electron density from 
the electron rich fragment of the organometallic complex. Such simple systems are well 
documented with the archetypal complex being [Cp2Zr(CH3)1[CH3-B(CsF5h l 29 
presented by Marks et al in 1 994 (Figure 1 .1 8).53 In the solid state, the complex is 
stabilized by intermolecular agostic interactions between methyl C-H bonds and the 
zirconium metal center. The effect of these agostic interactions is observed as the 
MeB(C6F5h- anion is associated with the zirconium center through a highly unsymmetric 
Zr---CH3-B bridge. The nature of the agostic bond will be discussed further in §1 .5.3 but 
will be formally counted here as a 3c-2e· bond. 74 
More complex bonding modes (Figure 1 . 1 9) include the "hard/hard" interaction of 
aryl fluorine atoms of the Lewis acid and the electron deficient metal center as in [(1i5-
C5Me5)2ZrH][HB(C6F5h) 31 presented by Marks in 1 992.71 The bond enthalpy for the Zr--­
F-C interaction was estimated at 35 kJmor1 . Erker et al. have also presented a 
metallocene betaine complex, Cp2Zr(C4H6-B(C6F5h) 32
75
-
77 which exhibits the similar 
stabilizing fluorine-metal interaction. This interaction was estimated to stabilize the 
complex by 33-42 kJmor1 . 
�,,., .. Me t. 
_/M.;_:··-- --� �ArF 
�':�-�t
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\t 
Figure 1.18: Intermolecular agostic interactions in 29. 
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Figure 1 .1 9: Intermolecular interactions in complexes of 27. 
§1 .5 Introduction to metallocen�ased Ziegler-Natta catalysis 
The principle of the work presented in this thesis is based on previous work 
presented by Karsch and Marks on Ziegler-Natta catalytic systems. Classical Ziegler­
Natta systems are based on TiCIJAIEt3 catalyst/cocatalyst systems. More specifically, 
the Ziegler-Natta catalyst is a complex formed by reaction of a Group IV-VI I I  transition 
metal halide, alkoxide, alkyl or aryl derivative with a metal alkyl or alkyl hal ide of a Group 
1-1 1 1  metal. Classical systems are heterogeneous not only by phase but also by their 
composition in having active sites with different environments at corners and edges of 
crystal faces. Metallocene-based Ziegler-Natta systems differ from classical systems in 
that they are homogeneous "single-site" catalyst systems. Additionally, metallocene­
based Ziegler-Natta catalysts polymerize cyclic olefins without ring opening and have the 
ability for stereoselective polymerization.7
2
·7s-81 
§1 .5.1 Activation process in metallocen�ased Ziegler-Natta catalysis 
The active complex in metallocene-based Ziegler-Natta catalysis is bel ieved to 
be the [CP2MRt cation. The active species is typically generated from a Cp2MX2 
precatalyst by alkylation and subsequent R"/X" abstraction. Other methods for generation 
include: alkyl/halide abstraction by Lewis acids, protonolysis of M-R bonds and oxidative 
cleavage of M-R bonds by charged atoms or molecules. 
As discussed in §1 .4, alkyl abstraction may be achieved with 27. Increasing the 
Lewis acidity of these complexes increases the activity of the catalyst due to their 
increased ability to fully abstract a l igand and decrease the interaction with the active 
cation.7
2 
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Protonolysis of the M-R bond is a simple method involving an acidic proton 
commonly avai lable through NH4 
+x- complexes (X = PF6- ,  ClO4") . Bochmann reported 
the synthesis of Cp2 TiMe(NH3tX- in THF at ambient temperature by reacting Cp2 TiMe2 
with N H/X-.82 Using the same methodology, Marks et al. reported the synthesis of 
Cp2*ThMe
+BPh4-.
83 Hlatky and Marks utilized trialkylammonium tetraphenylborates for 
protonlysis of M-C bonds.83'84 The use of the less coordinating perfluorophenyl borates 
produced higher activity in the metallocenium catalyst.85 
__ .. _ [Cp'2 ThMe][B(Ph)4] + NMe3 
Jordan et al. reported that the oxidative and abstractive cleavage of M-R bonds 
of neutral Cp2ZrR2 species with one-electron oxidants: Ag
+ or (C5H4R)2Fe
+.38·86•87 In the 
presence of donor l igands, Jordan and Bochmann have generated cationic Cp2ZrR(Lt 
complexes.88 '89 
§1 .5.2 Chain propagation in metallocene-based Ziegler-Natta catalysis 
While not ful ly understood, the mechanism of chain propagation is acknowledged 
to proceed via coordination of an olefin to a vacant site on the catalyst, fol lowed by 
migratory insertion into the growing polymer. It is generally agreed that olefin 
coordination follows standard ,r-complex models where there is electron donation from 
the ,r-bonding orbital to the metal center. The metal center is cf and, as a result, the C-C 
double bond of the coordinated olefin is weakened and predisposed to migratory 
insertion. Accepted theories about the progression of olefin insertion are slightly varied. 
13 
Cossee and Arlman proposed the method of chain growth involving a four-center 
transition state (Figure 1 .20) .90•91 The Cossee--Arlman model does not account for the 
steric repulsion, which occurs between the growing polymer and the coordinated olefin.78 
Steric repulsion between incoming olefin and growing polymer chain does not al low for 
close enough contact for C-C bond formation. 
_The modified Green-Rooney (Figure 1 .21 ) model of chain propagation is 
currently the accepted model.74'78 The model suggests the ti lting of the alkyl group of the 
polymer and the formation of an a-agostic interaction between the growing polymer chain 
and metal center during the olefin insertion process. Tilting of the alkyl group relieves the 
steric hindrance involved in the Cossee--Arlman model. Formation of the agostic bond 
also provides an explanation for the stereochem ical control of the polymer. 80•92 
In the modified Green-Rooney model ,  prior to olefin coordination, the active 
catalyst is stabil ized in the resting state (i) by (3-agostic interactions. As the olefin is 
coordinated (ii), the alkyl group tilts to form an a-agostic n-complex (iii) fol lowed by olefin 
, ' 
M
,, /'; 
' , , ' ,  
+ 
Figure 1 .20: Transition state of Cossee--Arlman method for chain growth. 
vi V iv 
Figure 1 .21 : Progression of the modified Green-Rooney model in metal locene-based 
Ziegler-Natta polymerization. 
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insertion (iv) , which yields a y-agostic complex (v) . After olefin insertion, the y-agostic 
then returns to the �-agostic resting state (vi) . Throughout the insertion process, the 
olefinic carbon atoms, a-carbon, a-agostic hydrogen and the metal center remain in the 
same plane. 
Evidence for a-agostic assisted Ziegler-Natta polymerization came from 
experimental work conceived by Grubbs and elucidated by Bercaw.80•92•94 Grubbs et al. 
probed the a-agostic interaction by examining /-d1-5-hexenylch lorotitanocene which 
underwent AICl2(Et)-induced cyclization to form cis- and trans-2-d1-cyclopentylmethyl 
derivatives. Gru_bbs found that the cyclization gave a cis:trans ratio of 1 .00, which argued 
against the formation of an a-agostic interaction . Bercaw used similar methodology on a 
different system and showed that an a-agostic interaction was probable. In the latter 
work, a scandium hydride complex, {'r15-C5Me4hSiMe2}Sc(PMe3)H was used to catalyze 
the cyclization of a,co-dienes to methylcycloalkanes (Figure 1 .22) . 
The data showed that olefin insertion was not influenced by the geometry about 
the double bonds. Also, subsequent studies involving the insertion of d:3-1, 1, 1 -2-butyne 
into an Sc-CH3 bond did not exhibit a measurable kinetic deuterium isotopic effect, 
suggesting that the isotope effects are not steric in origin. 
§1 .5.3 Agostic bonding elucidation in organometallic chemistry 
Agostic interactions are classically defined as three-center two-electron bonds.74 
Such interactions follow a M-H-C bonding scheme (Figure 1 .23) where the C-H bonding 
electron density is donated to a metal atom. As such , the alkyl l igand behaves as a 
D> <° 
Vin 
n=1 ; transl cis = 1 .23 +/- 0.01 
n=2, cis/ trans = 1 . 1 2  +/- 0.01 
Figure 1 .22: Cyclization of a,co-diene. 
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Figure 1.23: Commonly observable agostic interactions. (a) a­
agostic; (b) J3-agostic; (c) y-agostic. 
three-electron donor: an LX ligand. 
Classically, agostic bonds are typically observed in alkylated cf transition metal 
complexes and are expected to be more dominant features of organometallic complexes 
as Lewis acidity of the metal center increases. For the establishment of such bonding 
modes, there must be an open coordination site on the metal center. 
Agostics bonds are commonly characterized by the observation of an elongated 
C-H bond signifying the withdrawal of electron density from the C-H cr bonding 
interaction. In p-agostic interactions, a deformation of the bond angles at the p-carbon is 
additional evidence for the formation of agostic interaction between the metal and 
ligand. 74•88•95•97 Agostic interactions are characterized in 1H NMR data by the observation 
of the Shapley Effect, which is the kinetic isotopic effect observed in (C-H)---metal 
·interactions observed as an IR effect in an Os-CH3 complex.98'99 As the nature of the 
agostic interaction is partially covalent in origin, a second-order kinetic isotope effect 
should be observed in formation of agostic bonds. 
The Shapley Effect is not observed in all systems where agostic interactions are 
predicted. The highly electron deficient complex EtTiCl3 with eight valence electrons and 
Cs symmetry does display a J3-agostic interaction. 100•1 01 The dmpe analog, EtTiCl3(dmpe), 
shows significant evidence for a more dramatic J3-agostic interaction even though the 
metal center is more electron rich, twelve valence electrons, and coordinatively more 
saturated (Figure 1 .24). 
The lack of consistent data where agostic bond formation is predicted gives rise 
to uncertainty into the true nature of the agostic interaction. A study of ethyl derivatives 
of early transition metal complexes by McGrady et al. suggested that neither the Lewis 
acidity nor valence electron count are decisive measures to predict an agostic 
1 6  
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Figure 1 .24: EtTiCl3 , EtTiCl3(dmpe) . 
interaction. 1 00-1 08 McGrady proposed that the rigidity of the metal-ligand framework is a 
crucial factor in the formation of agostic bonds. The less rigid metal-ligand framework 
appears to be more important than the Lewis acidity of the metal center. McGrady found 
that a decisive stabilizing factor in the agostic system studied was the delocal ization of 
the HOMO, M-C0 in nature, over the entire ethyl group. Such models find support in the 
work by Gillespie pertaining to LCP.67"70 The close packing of the ligands is in direct 
concert with the space available for bonding as well as the direct involvement of the 
cationic character of the metal center. 
§1 .5.4 Agostic bonding and counterion interactions in Ziegler-Natta complexes 
lntramolecular agostic interactions stabilize the active catalyst throughout the 
cycle as described in §1 .5.2. Ziegler-Natta complexes are further stabilized throughout 
the cycle and during the resting state of the catalyst by electrostatic interactions with the 
counter-anion. The nature of these interactions is of extreme interest since cation 
stability is a key factor in determining the lifetime and the activity of the catalyst. 
Marks, 109•1 1 0 Ziegler,1 1 1 •1 1 4 and Nifant'ev1 1 5 have provided theoretical structural 
studies of the resting state stability of metallocene catalysts. Marks confirmed that the 
real catalyst was an ion pair and the anion should not be neglected in theoretical 
calculations. Ziegler agreed and found that Cp2ZrEt
+ [Me-BArF 3r was a non-agostic 
structure. Nifant'ev followed by suggesting that energies of a- and �-agostic bonds in the 
ethyl l igand of Cp2ZrEi
+ are in direct competition with the electrostatic interaction of the 
counter-anion. In the species where long-range stabilization is proposed, such as during 
olefin insertion, most complexes exhibit some sort of agostic bonding. In the free cation, 
Cp2ZrEt
+, �-agostic bond formation gives rise to the most stable species. 
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§1 .5.5 Chain termination and transfer in metallocene based Ziegler-Natta 
catalysis 
Chain termination proceeds by several mechanisms; �-elimination and 
hydrogenation are most common. 95 While hydrogenation is a common method to quench 
an active catalyst through immediate destruction of the catalyst, �-elimination does not 
always terminate the polymerization process. The most common forms of �-elimination 
are �-H and �-Me elimination. B-H elimination consists of an oxidative addition to the 
metal center. In the case of �-H elimination, the �-H is transferred tq the metal center to 
generate a metal hydride and terminate polymerization. B-Me eliminations proceed via 
the same method to give a M-CH3 bond, thereby regenerating the metallocene catalyst. 
These processes only proceed when the �-group, the a- and �-carbons and the metal are 
in a planar array. This is typically the resting state in the Ziegler-Natta catalytic cycle. 
Each elimination procedure liberates a free polymer with a terminal alkene group. 
As described in § 1 .5, a Ziegler-Natta catalyst can consist of a Group IV-VI I I  
metal center. Group IV Ziegler-Natta catalysts are more resistant to  elimination 
mechanisms since these catalysts possess a cf electron configuration. Electron rich 
catalysts based on late transition metals typically only dimerize or oligomerize olefins due 
to their pronounced disposition to �-eliminate. 
Metallocenium complexes of 27 have been show to direct �-Me elimination in 
neopentyl complexes (Figure 1 .25).46'1 1 6  These findings are consistent with �-Me 
elimination as a major chain transfer pathway in propylene polymerization. Horton et al. 
observed instant isobutylene elimination from (C5Me5hZrMe(C(CH3h) 35 at -7s·c. 
(CphZrMe(C(CH3h) formed a stable cationic species 36 at o·c but underwent reversible 
�-Me elimination at 2s·c.46 
===< 
35 36 
Figure 1 .25: �-Me elimination in (C5Me5hZrMe(C(CH3)3). 
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§1 .6 Thesis 
Based on the structural behavior and reactivity of 1 as a ligand in organometallic 
chemistry, Group IV complexes of 1 are predicted to display advantageous behavior as a 
potential precursor to Ziegler-Natta catalysts. The powerful Lewis acid B(Ath is 
expected to abstract 1 as a ligand from a Group IV metallocene complex to generate the 
Ziegler-Natta catalyst. The potentially hemilabile nature of the ligand is expected to 
assist in Ziegler-Natta catalysis. The results of the preliminary investigation of the 
potential of the dimethylphosphinomethanide ligand as a ligand in Ziegler-Natta catalysis 
are reported herein. 
1 9  
§2 Metallocene chemistry 
§2.1 Towards organometallic complexes of dimethylphosphinomethanide 
The zirconocene complexes 36a and 37a (Figure 2. 1 )  have been previously 
synthesized by Karsch et al. via metathesis between a metallocene dichloride and 1 Li. 1 0  
Syntheses of the hafnocene derivatives 36b and 37b wi l l  be shown to proceed by such a 
methodology. In addition, the further use of 1 Li in the attempted generation of 
metallocene and homoleptic dimethylphosphinomethanide complexes wil l  be shown. 
§2.1 .1 Lithium dimethylphosphinomethanide, 1 Li 
For the synthesis of 1 Li, the generation of PMe3 38 (Scheme 2.1 ) was required. 
38 was prepared by the nucleophil ic addition of MeMg l to triphenylphosphite as shown in 
scheme 2.1 . 1 1 7 The Grignard reagent was prepared in accordance with standard 
methodology by the addition of CH31 to Mg in n-butyl ether. PMe3 , which boils at 39 °C, 
was removed by distil lation and col lected at -78 °C. The reaction of methyl Grignard with 
triphenylphosphite to yield 38 proceeded smoothly in a 69% yield based on PMe3 
recovered. 
PMe3 was deprotonated using t-butyl l ithium to give 1 Li (Scheme 2.2) .
1
'
1 1 8  The 
reaction with t-butyl l ithium in hexane generated 1 Li in an 87% yield. 
� , •. -Me 
\ -� 
Mll'""iH2 
Me 
� ....... CH2 
� \�,.•· ·Me 
�Me 
36 37 
Figure 2.1 : Ziegler-Natta precatalysts, M = Zr (a) , Hf (b). 
P(OCsHsb .. 
38 
Scheme 2.1 : Synthesis of PMe3 38. 
20 
1 H NMR data collected on 1 Li showed the formation of methyl and methylene 
protons with integrated intensities of 3:1 . The 2 JHP couplings were not easily observed for 
the methyl protons and were estimated from the broad crests of the peaks observed in 
the spectra. 
§2.1 .2 Metallocene dichlorides, 39 
The preparation of the metallocene dichlorides, 39a:Zr, b:Hf, was accomplished 
by the metathesis reaction between MCl4 and Na(C5H5) (Scheme 2.3).
1 1 9  Sodium 
cyclopentadienide 40 was used in place of the lithium analog utilized in the l iterature 
route. The two solids were stirred in toluene overnight at room temperature. Further 
exploration of this synthesis revealed that upon refluxing at 75 °C under argon for 48 
hours it was possible to obtain yields of 63% for 39a and 63% for 39b. 
Sodium cyclopentadienide 40 was prepared by the Birch reduction of CpH in 
liquid ammonia at -78 °C using sodium metal as shown in Scheme 2.4. 120 The reduction 
was performed as a titration of sodium metal with cyclopentadiene. The disappearance 
of blue color of the liquid ammonia solution signaled the completion of the reaction. 
Sodium cyclopentadienide was prepared in good yield, 81 %, as a white solid upon 
removal of ammonia and cyclopentene under reduced pressure. 
Cyclopentadiene, CpH, was prepared via a reverse Diels-Alder reaction 
(Scheme 2.5) by heating dicyclopentadiene to 1 60-1 80 °C, at which temperature the 
reaction is very rapid. 1 21 The position of the equilibrium is moved to the right at this 
1Bu-Li 
hexane 
38 
u ,  _.....P.�· ,,, 
"' _,,,  ''·Me C 
H2 
Me 
1 Li 
Scheme 2.2: Synthetic route for lithium dimethylphosphinomethanide 1 Li. 
NaCp + MCl4 
40 
Toluene 
1s0c .. 
\w,,,,-CI 
�'Cl 
39 
Scheme 2.3: Synthesis of metallocene dichloride 39, M = Zr (a) , Hf (b) . 
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Scheme 2.4: Birch reduction of CpH to yield NaCp 40. 
Scheme 2.5: Reverse Diels-Alder reaction of dicyclopentadiene for the 
generation of CpH . 
temperature and CpH is removed by disti l lation and collection at -78 °c, the boi l ing point 
of CpH being 40.8 °C. CpH was stored at -80 °C at all times as t112 for the dimerization 
reaction is ~ 1 2  hours at room temperature. 
§2.1 .3 Metallocene complexes, Cp2M(CH2PMe2)2 36a:Zr, b :Hf 
Preparation of the metallocene bis-dimethylphosphinomethanide complexes 
36a:Zr, b:Hf was accomplished by the metathesis reaction between the appropriate 
metallocene dichloride 39a:Zr, b :Hf and two equivalents of 1 Li (Scheme 2.6). 1 0  The 
synthesis was performed at -78 °C with the s low addition of 1 Li to the metallocene 
dichloride in THF. 
The reaction in THF was not successful with exact stoichiometric quantities. 1 H ,  
13C and 3 1  P NMR data provided evidence that the reaction gave a mixture of  the mono­
and bis-substituted dimethylphosphinomethanide metallocene species, 36 and 37. The 
use of sl ight stoichiometric excess of 1 Li to overcome this setback was unsuccessful; 
mono- and bis-substituted species were obtained in an approximate 1 0: 1  ratio. 
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���: 
39 1 Li 36 
Scheme 2.6:  Synthesis of precatalyst 36; M = Zr (a), Hf (b). 
To overcome this synthetic problem, the solvent was changed to pentane, in 
which the product was extremely soluble. In pentane, the metathesis reaction proceeded 
slowly and smoothly to give spectroscopically pure products 36a and 36b according to 
1H,  1 3C and 31 P NMR.10 Due to the insolubility of the starting materials in pentane, a 
"single pot" synthesis was attempted where the starting materials were mixed together as 
solids prior to addition of solvent . The insolubility of starting materials in pentane served 
to moderate the reaction and allowed for the synthesis to be carried out at room 
temperature rather than -78°C as Karsch directed . The reaction was allowed to stir 
overnight, becoming yellow with the pentane soluble product, 36. The use of pentane 
additionally benefited the preparation by mediating the isolation and purification of the 
product. Removal of LiCI proved to be much easier in pentane rather than from THF as 
the later tended to facilitate the uptake of LiCI into solution during extraction. In addition, 
THF was difficult to remove from the product under reduced pressure and separation by 
extraction with pentane was not effective in initial syntheses. This method proceeded 
smoothly to give a yellow solid with 68% yield for 36a and 63% yield for 36b. 
In benzene-ds, the 1H NMR spectra displayed in Figures 2.2-3 revealed three 
resonances; one in the Cp region (8/ppm = 5.904, 36a; 5.853, 36b) and two in the alkyl 
region of the spectra. The methyl (8/ppm = 0.927, 36a; 0.934, 36b) and methylene 
(o/ppm = 0.373, 36a; 0.1 1 0, 36b) peaks were assigned based on relative integrated 
intensity. The 2JHP couplings constants of the methyl (3.0 Hz, 36a; 3.3 Hz, 36b) and 
methylene (3.6 Hz, 36a; 4.5 Hz, 36b) protons were all of the same order of magnitude of 
about 3-5 Hz, which was expected based on the couplings observed in PMe3. These 
chemical shifts and couplings were in accord with to those reported by Karsch et al. 10  
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o/ppm 2 
JHp/Hz 
1 H assignment 
5.853 - CsHs 
0.934 3.3 CH2PMe2 
0.1 1 0  4.5 CH2PMe2 
Figure 2.2: 1 H spectrum of Cp2Hf(CH2PMe2)2 36b at ambient temperature. 
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Figure 2.3: 1 H spectrum of Cp2Zr(CH2PMe2)2 36a at ambient temperature. 
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The methyl and methylene protons exhibited a downfield shift with respect to 1 Li. 
The change was expected due to the increase in electronegativity from Li to Zr and Hf. 1 22 
The changes in the chemical shift reflected the increase in C-H bond acidity from 1 Li to 
36. The observed changes of proton chemical shifts from 36a to 36b was assigned to 
the shielding effects at the metal center by the addition of (-orbitals in 36b rather than the 
smal l  differences in the electronegativity of the two metal centers (Pauling 
electronegativity of 1 .33, Zr; 1 .3, Hf) . 1 23 
The {1 H}1 3C NMR spectra of the two complexes displayed resonances in accord 
with the literature data. A singlet Cp resonance (6/ppm = 1 1 1 . 1 20, 36a; 1 1 0.684, 36b) 
was observed with a doublet methyl resonance (6/ppm = 20.488, 36a; 20.985, 36b) and a 
doublet methylene resonance (6/ppm = 53.678, 36a; 58.385, 36b) . 1Jcp couplings were 
observed for the methyl ( 1 6.5 Hz, 36a; 1 6.5 Hz, 36b) and methylene (38. 1 Hz, 36a; 36.7 
Hz, 36b) carbons. {1 H}31 P NMR displayed a sharp singlet (6/ppm = -36.71 7, 36a; -
36.31 0, 36b) in the spectra of 36, which was downfield shifted from 1 Li. The change 
reflected a decrease in s-character that was predicted from 1 Li to 36. No 1 Jpc coupling 
was observed nor was 2 JPH observed upon coupling the nuclei. These resonances were 
in accord with the published data. 1 0  
§2.1 .4 Organometallic complexes, Cp2M(CH2PME½)CI, 37a :Zr, b :Hf 
Synthesis of metallocene dimethylphosphinomethanide chloride complexes, 
37a:Zr, b:Hf, was attempted via the metathesis reaction between the appropriate 
metallocene dichloride 39a:Zr, b:Hf and one equivalent of 1 Li in the manner described by 
Karsch et al. (Scheme 2.7). 1 0  
According to the 1 H, 1 3C and 31 P NMR data collected, synthesis of the zirconium 
analog gave a mixture of the mono- and bis-substituted phosphinomethanide 
metallocene species. By stringent adherence to the stoichiometric quantities, further 
attempts at the synthesis of 37a gave an oily product, which was characterized by 1 H, 1 3C 
� 1 Li � 
Scheme 2.7: Synthesis of precatalyst 37; M = Zr (a) , Hf (b). 
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and 31 P NMR to be 37a with no 36a present. However, the 1 H NMR data did reveal the 
product contained trace amounts of THF (Figure 2.4). Attempts to recrystal lize the 
product in diethyl ether proved unsuccessful in isolating 37a free of THF. Further use of 
the mono-phosphinomethanide zirconocene complex was contaminated with trace 
amounts of TH F. 
The 1H NMR spectra of 37, displayed in Figures 2.4-5, revealed three 
resonances. A singlet resonance was observed in the Cp region (6/ppm = 5.884, 37a; 
5.81 4, 37b) and two in the alkyl region of the spectra. The methyl (6/ppm = 1 .01 1 ,  37a; 
1 .095, 37b) and methylene (6/ppm = 0.91 1 ,  37a; 0.648, 37b) peaks of the alkyl region 
were assigned based on relative integrated intensity. The 2JHP couplings constants of the 
methyl (3.3 Hz, 37a ;  3.3 Hz, 37b) and methylene (4.5 Hz, 37a; 5.4 Hz, 37b) protons were 
all of the same order of magnitude of about 3-5 Hz as were those observed in 36 and 
PMe3• As in 36, these observations were in accord with those reported by Karsch et a/.
10 
THF was observed in the spectrum at 6/ppm =1 . 1 ,  3.3. 
The 13C NMR data exhibited the expected peaks. A single Cp resonance was 
observed at 6/ppm = 1 1 3.1 1 9, 37a; 1 1 2 .1 60, 37b. The corresponding methyl and 
methylene peaks were observed at 6/ppm = 1 9.981 , 37a; 20.483, 37b and 6/ppm = 
54.054, 37a; 54.781 , 37b, respectively. The methyl and methylene resonances displayed 
1 Jcp coupling with coupling constants of 1 6.2 Hz, 37a; 1 6.3 Hz, 37b and 39.3 Hz, 37a; 
o/ppm 2 JHp/Hz 
1 H assignment 
5.884 - CsHs 
1 .01 1 3.3 CH2PMe2 
0.91 1 4.5 CH2PM02 
. . .  7�5 , , 7�0 , , 6�5 , , 6�0 , , 5�5 , , 5�0 , , 4�5 . , 4�0 . , 3�5 , , 3�0 , . 2�5 . .  2�0 , . 1 �5 , . 1 �() , , 0�5 , . o�o , . -0.5, . .  
Figure 2.4: 1H NMR spectrum of 37a contaminated with THF at ambient temperature. 
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Figure 2.5: Ambient temperature1 H NMR spectrum of metathesis product 37b (top); 1 H 
NMR spectrum upon recrystallization of 37b from diethyl ether (bottom). 
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37.3 Hz, 37b. {1 H}31 P NMR showed a single peak at o/ppm = -35.004, 37a; -33.244, 37b. 
No 1 Jcp coupling was observed. No 
2 JHP coupling was observed in the coupled 31 P NMR 
spectra. The data collected was in accord with the published data. 10 
Synthesis of the hafnium metallocene 37b was attempted following the identical 
procedure described above. 1 0 As confirmed in the 1H, 1 3C and 31 P NMR spectrum, the 
procedure gave a mixture of the moner and bis-substituted phosphinomethanide 
metallocene species in a 3:2 ratio of mono:bis species. 
The reaction was repeated and the mixture of products was obtained regardless 
of the attention paid to the stoichiometric quantities of the starting materials. Attempts 
were made to selectively extract the two complexes utilizing pentane. Pentane was the 
solvent chosen for the extraction since the bis-phosphinomethanide species had greater 
solubility in pentane than did the monerphosphinomethanide species. As determined by 
the relative integrated intensities of the alkyl proton resonances in the 1 H NMR spectrum 
before and after recrystallization (Figures 2.5), this method caused a reduction in the 
quantity of 36b in solution but not the removal of the species. The ratio of 37:36 was 
13:1 after the final recrystallization. While this method was effective, the solubility of 37 
in pentane was too high to effectively separate the two species. Upon removal of a 
significant portion of 36 from the product, the amount of the remaining sample was not 
significant enough for further use. 
Synthesis of the mono-phosphinomethanide hafnium complex 37b was also 
attempted in THF with the presence of excess metallocene dichloride. The expectation 
was to stoichiometrically control the product of the reaction. Consistent with Karsch 
methodology, 1 Li was slowly added to excess 39b dissolved in a large volume of THF at 
-78 °c. According to 1 H, 1 3C and 31 P NMR data, the changes did not successfully affect 
the result of the reaction as a mixture of 36b and 37b was the outcome. 
Further attempts to synthesize and isolate 37b followed the similar methodology 
but proceeded with changes in the solvent system used; diethyl ether was used in place 
of THF. Hafnocene dichloride, which did not completely dissolve, was vigorously stirred 
in diethyl ether while 1 Li was slowly added at -78 °C as a dilute solution in diethyl ether 
with minimal amounts of THF to ensure the dissolution of 1 Li. Changing the solvent 
system was not successful. The reaction gave a mixture of the mono- and bis-
28 
substituted species as observed in previous reactions. As a result, 37b was never 
cleanly isolated for further use. 
The methyl and methylene protons and carbons of 37 displayed a downfield shift 
with respect to 1 Li. As discussed in §2. 1 .3, these changes were expected due to the 
increase in electronegativity from Li to Zr and Hf with changes in the shifts from 37a to 
37b assigned to the shielding effects of (-orbitals in the hafnium species.122· 123 The 
chemical shifts of the methylene protons of 37 were over 0.6 ppm further downfield than 
those of 36 with respect to 1 Li. However, the methyl protons did not show a significant 
change in chemical shift from 36 to 37. The large observed change was attributed to the 
change in the electronegativity of the ligand from 1 to er. The interaction of the metal 
with the chloride l igand possessed much greater ionic character than with 1 .67·69 The 
change in this character increased the strength of the M-C interaction resulting in a 
downfield shift in the observed methylene proton resonances. The methyl protons were 
not severely affected by this change due to the greater through bond interaction as 
compared to the methylene protons. 
§2.1 .5 Metallocene complexes, Cp2M(Me)CH2PMe2, 41 
Preparation of Cp2M(Me)CH2PMe2 41 was carried out in a two-step reaction 
(Scheme 2.8). Synthesis was attempted by the generation of 37 followed by the 
subsequent methylation of the product with LiMe or MeMgl. The intermediate was 
extracted once prior to methylation 
The synthesis was not successful in this manner utilizing either methylating 
agent. The 1 H NMR data collected displayed several peaks, none of which corresponded 
to the expected spectra of the desired product. No methyl protons were observed in the 
1 H NMR of the product. 
37 
LiMe/THF _, 
-LiCI 
41 
Scheme 2.8: Synthetic route to the generation of Cp2M(Me)CH2PMe2 41 . 
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Scheme 2.9: Modified route to complex 41 . 
41 
The reaction methodology was modified by changing the sequence of the 
reactions. The methylmetallocene ch loride was generated first followed by the 
metathesis reaction with 1 Li. As in the above methodology, the methylmetallocene 
chloride intermediate was not isolated prior to reacting with 1 Li (Scheme 2.9). 
As in the synthetic route following Scheme 2.8, the 1 H NMR data revealed a 
complicated mixture of products, none of which were assignable to 41 . 
§2.1 .6 Homoleptic group IV cf complexes, M(CH2PMe2)4 43 
Tetrakis(dimethylphosphinomethanide) homoleptic cf complexes, M(CH2PMe2)4 
43a:Zr, b:Hf were generated by the metathetical reactions between zirconium or hafnium 
tetrachloride and four equivalents of 1 Li .7 Each synthesis was performed in a THF 
.solution at -78QC with the slow addition of 1 Li to MCl4 (Scheme 2.10). The complex was 
then extracted with toluene at room temperature. The product was extracted with toluene 
three additional times in succession. Upon each extraction , LiCI continued to precipitate 
from solution . The product was then extracted from heptane, from which the product 
precipitated as crystals at -78 °C. None of the col lected crystals were suitable for X-ray 
crystallography. According to 1 H NMR data and visible observation of the color of the 
complex in solution , the product did not readily decompose at elevated temperature as 
was expected based on the properties of homoleptic metal alkyls such as ZrMe4 , ZrMe6 
2
• 
or WMea.124,12s 
Prior to heptane extraction, the product of each reaction 43a:Zr, b:Hf was 
characterized by variable temperature NMR observing 1 H and 1 3C nuclei. The species 
generated in the reactions was unclear. The species were h ighly fluxional evident from 
the sharpening of the very broad peaks in the 1 H NMR. The peaks sharpened to give 
complex spectra. In the 1 3C spectra, no peaks were observed. The spectra of each 
30 
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Scheme 2. 1 0: Synthetic route for synthesis of homoleptic metal alkyls. 
complex displayed similar resonances at elevated temperature. Several sets of doublets 
were observed and attributed to 1 as an X ligand as described in § 1 . 1 . 
§2.2 Towards the generation of the potential Ziegler-Natta complex 44 
The underlying goal of this work was to generate a Ziegler-Natta active catalyst 
derived from the dimethylphosphinomethanide metallocene complexes, 36 and 37. As 
discussed in § 1 .5, the active species in metallocene-based Ziegler-Natta catalysis is 
understood to be the metallocenium cation, [Cp2M-R]
+, with a weakly coordinating 
counterion.72 The target Ziegler-Natta complex in this work was [Cp2M-CH2PMe2t[A]" 
44. The generation of this species from the precatalysts 36 and 37 was capable by 
various synthetic methods: ligand abstraction,53•54 M-C bond protonation82 •84•85•89 or 
chloride abstraction from 37 (Table 2. 1 ). 
Ligand abstraction was expected to generate the target complex, 44, utilizing 
various equivalents of the powerful Lewis acid 27. Successful generation of the catalyst 
by this method was consistent with the generation of the counterion 45 [(CH2)Me2P-27]". 
M-C bond protonation and chloride abstraction were expected to generate the active 
catalyst as well. Salts of the non-coordinating anion tetra(perfluorophenyl)borate were 
exploited for catalyst generation in these manners. The N,N-dimethylanilinium salt 46 
was used in the attempted generation of 44 via M-C bond protonation due to the 
reactivity of the N-H bond. The potassium salt 47 was used for the generation of 44 by 
simple chloride abstraction of 37. 
Upon generation of the catalyst, the following bonding mode can be envisioned 
(Figure 2.6). The target species was expected to display hemilabile behavior. The 
nucleophilic electron pair of 1 was predicted to interact with the electron-deficient metal 
center to enable the ligand to behave as an LX ligand. The observation of this behavior 
was attempted by the reactions presented herein. 
31 
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Figure 2.6: Potential equilibrium between X and LX 
complexes. 
Table 2.1 : Reactants in the generation of Ziegler-Natta catalysts with the appropriate 
counterion. 
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§2.2.1 Expected counterion of the Ziegler-Natta complex formed by ligand 
abstraction 
Complete abstraction of 1 from the precatalyst, 36, by the use of 27 was to 
generate the anionic species [(CH2P(Me2) -B(At)3)". Spectroscopic understanding of the 
isolated anion potentially allowed for elucidation of data collected when attempting to 
generate the target Ziegler-Natta complex by ligand abstraction. In addition, the data 
allowed for secondary confirmation of the Ziegler-Natta catalyst in latter reactions. 
§2.2.1 .1 1 Li reaction with one equivalent BAt3, 48 
The generation of Li[(CH2)(Me2)P-B(Athr 48 was attempted by the reaction of 
1 Li with one equivalent of B(Ath (Scheme 2.1 1 ) .  The interaction was predicted to 
generate a thermodynamically more stable complex in accordance with the observation 
of complexes such as (Me)CN-B(Ath and (CO) -B(At)3.
1 26• 1 27 
The reaction was performed in a Young's tap NMR tube in toluene-d8 • The solid 
reactants dissolved immediately upon melting of the solvent, -95 °C for toluene-d8 , which 
was condensed into the tube at -1 96 °C. The reaction solution was allowed to come to 
room temperature prior to observation of the 1 H, 1 3C, 31 P and 1 1 8 nuclei by NMR 
spectroscopy. The solution possessed a red color upon warming to room temperature. 
According to the NMR data collected, 48 was successfully obtained. The {1 H}31 P 
NMR data (Figure 2.7) collected on 48 supported the phosphorous atom was no longer 
three-coordinate. Based on the high downfield shift of the observed resonance with 
respect to the starting material, the 31 P nucleus was four-coordinate in the product. The 
31 P peak of 48 appeared near the range where PMe4 + and P(Et)Me3 + appear in 31 P 
NMR, 1 20•130 which was downfield as compared to PMe3 or 1 Li. The broadness of the 
1 Li 27 
F Ar \.. At 
At� / 
u, /�··Me C Me 
H2 
48 
Scheme 2.1 1 :  Synthesis of anionic species 48. 
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Figure 2.7: 31 P NMR spectrum of 48. 
peak was consistent with quadrapolar relaxation expected upon the formation of a 
phosphorous-boron bond. No 1 Jpc coupling was observed. 
No peak was observed for the starting material in the 31 P spectra, which 
confirmed that a reaction had occurred. Absence of any peak in this range of the 31 P 
spectra was consistent with the reaction between the Lewis acid and the phosphorous 
atom instead of the electron rich methylene carbon. This observation was surprising. 
The Lewis . acid was expected to show reactivity towards the methylene carbon atom as 
there were no obvious deterants to such an interaction. 
1H NMR data (Figure 2.8) exhibited two sets of doublets (8/ppm = 1 .92 ppm and 
0.827 ppm; o/ppm = 0.95 ppm and 0.558 ppm) in the proton spectrum each had relative 
integrated intensities of 3:1 . These sets of doublets were potential ly attributed to 48. 
Alkyl lithium complexes commonly form aggregates of dimers, trimers or high order 
oligomers and the establishment of an equilibrium between two species has been 
documented. 1_31 -1 34 The formation Li-C-F interactions to generate high order aggregates 
in 48 was possible. Li-C-H interactions have been published in complexes such_ as 
(Ph)CH2N(Li)CH2(Ph). The solution of 48 has the potential to be an equilibrium between 
the monomer and a higher order aggregate. The monomer was predicted to be present 
in the solution based on the reddish color of the solution, indicative of ligand-to-metal 
charge transfer. 1 32 
The relative integrated intensity of the two sets of peaks supported the 
generation of such an equilibrium. However, the two large doublets were assigned to the 
methyl protons (o/ppm = 0.827 ppm) and methylene protons (o/ppm = 0.558 ppm) of 48. 
In complexes of 1 and [1 -Me]+, the methylene protons have been shown to be upfield of 
the methyl proton.2 •10•1 1 8•1 28•1 30•1 35  The changes in chemical shifts of each set of protons 
were consistent with the formation of a dative bond with the Lewis acid. Both sets of 
34 
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Figure 2.8: 1 H NMR spectrum of 48 at ambient temperature. 
doublets experienced a large downfield shift with respect to 1 Li. This was expected 
based on the documented changes in proton chemical shifts from PMe3 to PMe4 + and -
CH2PMe2 to -CH2PMe3+. 125·
130 Due to the strength of the Lewis acid used, the 
comparison of B(Ath to methyl was reasonable. In addition, the gas phase acidity of C­
H bonds of PMe3 increases upon binding with Lewis acids.
1
36-
1 38 The 2JHP couplings more 
than tripled from 1 Li and were each near 11  Hz in the product. These observed changes 
in the couplings were in accordance with the changes observed in 50 and 51, which will 
be detailed later in this work. These couplings fell in the range of documented 2 JHP 
couplings. The relative integrated intensity of the two peaks was 3:2, which was not 
consistent with 48. The discrepancy arose from the broad resonances beneath the 
methylene peak. 
The 1 3C spectrum displayed no resonances beyond solvent due to the low 
concentration of the phosphine complex and the large reduction in the expected peak 
intensity due to 13C-1 9F coupling . In the 1 1 B spectra, no peak was observed. The peak 
was predicted to be masked by the boron in the pyrex NMR tube. 
§2.2.1 .2 TMEDA reaction with 48 
In order to obtain a better understanding of the previous reaction, 48 was further 
reacted with Me2N(CH2)2NMe2, tetramethylethylenediamine, TMEDA. TMEDA is an 
excellent complexing agent with alkali metals2'1 39 and has been shown to facilitate 
metathesis reactions of lithiumalkyls in organometallic chemistry; attempts to generate 36 
35 
and 37 utilizing TMEDA were unsuccessful. 10  TMEDA was reacted with 48 for the 
purpose of complexing with the Li cation. The predicted result was the isolation of the 
monomer unit of 48 as a TMEDA complex.140-142 
The product from §2.2.1.1 was further reacted with two equivalents of TMEDA by 
condensing TMEDA into the Young's tap NMR tube using high-vacuum techniques. The 
NMR data collected on the reaction was unexplainable. The observed resonances in the 
1 H spectrum were broad and overlapping and no expected or explainable peaks were 
observed. The 31 P spectrum displayed no resonances. The phosphorous-boron bond 
was clearly not existent in the same manner as in 48. A weak resonance in the 
methylene region of the 13C spectrum, which was assigned as the CH2 carbons of 
TMEDA, was observed. However, no methyl peaks were observed in the 13C NMR 
spectrum. The absence of further 1 3C resonances assigned to B(Ath was attributed to 
the low concentration ·of B(Ath and 13C-19F coupling. 
§2.2.1.3 Trimethylphosphine reaction with one equivalent BAt 3, 49 
To further understand the Lewis acid-base interaction, PMe3 was reacted with 27 
to obtain the Lewis acid-base pair 49 (Scheme 2.12). 143 The reaction was performed to 
observe the effects of dative bond formation on the methyl protons. The adduct 
formation was performed in a flame sealed NMR tube under reduced pressure. 
Tris(pentafluorophenyl)borane was dissolved in toluene-de and frozen in liquid N2. PMe3 
was condensed into the NMR tube and immediately flame sealed. The reaction tube was 
allowed to warm to room temperature for mixing of the two species. Upon mixing, very 
small white crystals, not of X-ray crystal lographic quality, formed immediately. The initial 
NMR data collected revealed no resonances beyond solvent in the solution. The crystals 
dissolved with warming overnight. 
The 1 H NMR spectroscopic data (Figure 2.9) collected after the dissolution of the 
solid displayed a clear doublet, which was shielded with respect to free PMe3. It has 
/
P
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38 27 49 
Scheme 2.12: Synthesis of the Lewis acid-base pair 49. 
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0.549 1 0.6 PMe:rB{Ar)3 
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Figure 2.9: 1 H NMR spectrum of 49 at ambient temperature. 
been documented that the reaction between PMe3 and BH3 in the gas phase leads to an 
increase of Ca-H acidity by some 75-85kJmor1 .1 38 The doublet, with a coupling constant 
of 2 JHP = 1 0.6 Hz, re_vealed that the Csv symmetry of the PMe3 was maintained in the 
product. In addition , the 2 JHP was in the expected range for these couplings, which were 
observed for 48, 50 and 51 . 
The 31 P spectrum was not able to confirm the generation of 49 since the 
spectrum displayed no resonances potentially due to the low concentration of PMe3 in 
association with the effects of quadrapolar l ine broadening. The 1 3C spectrum revealed 
no methyl peaks. B(ArFh was observed in the 13C in weak intensity due to extensive 13C-
19F coupling in the aromatic rings of the Lewis acid. The 19F spectra revealed B(ArFh as 
the major component with additional small peaks, which were not assignable. 
§2.2.2 Ziegler-Natta complexes generated by l igand abstraction 
Tris(perfluorophenyl)borane was employed in the attempted syntheses of the 
Ziegler-Natta complex, since the Lewis acid has been shown to abstract a methyl group 
from metallocene complexes.53 The formation of the phosphorous-boron dative bond 
was expected to sufficiently weaken the M-C bond and allow for the facile abstraction of 
the l igand, based on the observed weakening of the C-H bond in PMe3-Lewis acid 
adducts . Also, the facile protonation of the M-C bond by weakly acidic protons in 
transition metal complexes of Os and Re suggested the potential ease in breaking the M­
C bond.2s,21 ,144 
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All reactions detailed in §2.2.3-5 were performed as "one pot" syntheses in 
Young's tap NMR tubes. Variable temperature NMR experiments were performed on 
each reaction observing the 1 H, 1 3C, 1 1 8 and 31 P nuclei . The reactions were prepared by 
mixing the reactants as solids in a glove box followed by condensing the appropriate 
NMR solvent into the tube util izing h igh-vacuum techniques. The samples remained 
frozen until VT NMR analysis was in itiated. The samples were warmed to just above the 
melting point of the solvent, wh ich was -98 °C for toluene-de, to in itiate the reaction . 
Upon melting the solvent, the samples were immediately inserted into the spectrometer 
and cooled as rapidly as possible. The temperature of the reaction was raised to a 
minimum of 40 °C while periodically observing the nuclei . The samples were then cooled 
with periodic observations of the nuclei . 
§2.2.2.1 Attempted generation of the Ziegler-Natta complex by abstraction with 
one equivalent of Lewis acid 
The reactions between one equivalent tris(pentafluorophenyl)borane 27 and the 
metallocene bis-dimethylphosphinomethan ide complexes 36a:Zr, b:Hf (Scheme 2.1 3) 
were performed for the purpose of generating the Zieg ler-Natta complex, by l igand 
abstraction. Each reaction was to progress via electroph ilic attack of the phosphorous 
atom of 36 by the Lewis acid. The reaction between the zirconium metallocene 36a and 
a single equivalent of Lewis acid proceeded immediately upon melting of the toluene-de 
NMR solvent as observed by the immediate appearance of a new species in the low 
temperature NMR data. Upon dissolution of both solids, a pale yellow solid precipitated. 
According to the 1 H and 31 P NMR data collected, the reaction was not successful 
in the generation of the target complex 44. At low temperature, the main component of 
the solution was the bis-Lewis acid metallocene adduct 50a. The reaction scheme was 
envis ioned in Scheme 2.1 4. 
36 27 44 
Scheme 2. 13: Proposed route to Ziegler-Natta catalyst 44, M = Zr (a) ,  Hf (b). 
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toluene ., 
36 50 
Scheme 2. 1 4: Synthetic route for the generation of 50, M = Zr (a) , Hf (b) . 
The methyl (o/ppm = 0.646) and methylene (o/ppm = -0.030) protons were shifted 
upfield with respect to the starting material 36 in the 1 H NMR data (Figure 2. 1 1 )  of 50a. 
This observation was not expected. As detailed in §2.2. 1 . 1  , methyl and methylene were 
predicted to exhibit downfield shifts with respect to the starting material as the Lewis acid 
was expected to increase C-H bond acidity of the phosphine ligands. 138 In the case of 
50, bonding with the Lewis acid increased the anionic character of the methylene 
carbons. As will be addressed later, the M-C bond potentially lengthened upon reaction 
with B(At)J. The crystal structures of similar complexes reflect this behavior. The 
increased bond length, as documented by Gillespie, effectively increases the ionic 
character of the methylene carbons, which subsequently shifts the resonances upfield. 
With respect to 36a, increased 2JHP coupling constants (
2 
JHP = 1 0.7 Hz, Me; 1 5.6 
Hz, CH2) were observed for the Lewis acid bound ligands of 50a. The 
2 
JHP couplings for 
the methyl protons were not significantly larger than those observed in 48, 49 and 51 , 
which will be addressed later in §2.2.3. 1 . The methylene protons displayed a 2 JHP 
coupling constant of 1 6  Hz at high temperature, which was substantially larger than the 
coupling observed for the methyl protons at high temperature, 1 0 Hz. The larger coupling 
of the methylene protons was attributed to the increased M-C bond length. The 
methylene doublet became a doublet of doublets as the temperature was lowered from 
50 °C with a coalescence temperature of 35 °C for 50a. The M-C bond rotation was 
potentially hindered at lower temperatures making the motion slow on the NMR 
timescale. 122 The steric interaction at low temperature broke the symmetry of the 
methylene protons in the molecule to account for the observed splitting. The further 
splitting was attributed to 2 JHH coupling on the methylene carbon. 
In the 31 P spectra of 50a, a single resonance was observed (Figure 2. 1 0). The 
resonance was greatly shifted downfield from the starting material and was broadened. 
The chemical shift was in the range of other four-coordinate 31 P nuclei as detailed in 
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Figure 2. 1 0: 31 P NMR spectrum at -1 0 °C of the reaction of one equivalent B(Ath with 
o/ppm 2 
JHp/Hz 
1 H assignment 
5.527 - CsHs 
0.646 1 0.7 CH2PMe2-(27)2 
-0.030 1 5.6 CH2PMed27h 
Figure 2.1 1 :  1 H NMR spectrum at -1 0 °C of the reaction of one equivalent BAt3 with 
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§2.2. 1 . 1 . 1 •1 1 8•1 28-1 30•1 35•1 38  Peak broadening was expected and observed due to the 
quadrapolar relaxation brought about by the boron nucleus. 122 
The 1 1 B was masked at all temperatures in the 1 1 B NMR by the boron in the 
pyrex NMR tube. The 1 3C spectra displayed only Cp resonances; the assignment of 
which was made based on the appearance of 51 in later reactions. 
The crystals retrieved from the NMR tube reaction between one equivalent of 
B(Ath and Cp2Zr(CH2PMe2)2 were small which made it difficult to obtain excellent crystal 
data. The crystallographic data and analysis were not publishable, but the data were 
sufficient to give the connectivity of the atoms and approximate spatial arrangement of 
theatoms in the molecule. The data reported below with regards to the spatial 
arrangement of atoms must be interpreted in such a context. The disorder in the Cp 
rings of the metallocene and the aromatic perfluorophenyl groups of 27 could not be 
corrected. The X-ray structure (Figure 2. 1 2) showed the solid-state structure of the 
complex to be the zirconocene bis-Lewis acid adduct 50a. 
The structure revealed a bond angle between the methylene carbons and the 
metal center of 87° , which was significantly smaller than the analogous bond angle in 
Cp2Zr(CH2PPh2)2 52 1 00.2° .
1 3
'
1 5 The analogous bond angle in the complex 
Cp2Zr(CH2PPh2)2Cr(CO)4 53 93.5° , 
1 3
'
1 5 was much closer to the observed bond angle in 
50a. The P--C-Zr-C conformation in complex 50a is anti as in complexes 52 and 53. 
The P--C-Zr bond angles were 1 38° and 1 33° , which placed the CH2-P bonds in a linear 
alignment, were significantly larger than those observed in 52 and 53. Each of the 
phosphorous atoms possessed a pseudo-tetrahedral geometry with an average C-P-C 
bond angle of 1 07°. The boron nuclei were also pseudo-tetrahedral with an average C­
B-C angle of 1 1 2° . This arrangement placed the phosphorous-boron bonds parallel to 
each other directing the sterically encumbered Lewis acids away from metal center. The 
Zr-CH2 bond lengths, 2.3 and 2.3 A, were larger than the bond lengths observed in 52, 
2.284 and 2.340 A, or 53, 2 .292 and 2.329 A. 
The reaction between the hafnium analog 36b and a single equivalent of Lewis 
acid 27 displayed similar resonances observed in the 1 H NMR spectra of the reaction 
utilizing 36a at low temperature. The reaction proceeded immediately upon melting of 
the toluene-da NMR solvent, indicated by the appearance of new species in the low 
temperature NMR data. According to the 1 H and 31 P NMR data collected, the generation 
41 
Figure 2.12 :  Diagram of the bis-Lewis acid zirconocene bis-dimethylphosphinomethanide 
adduct 50a. 
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of the target complex 44 was not successful. The products obtained were the starting 
material 36b and the bis-Lewis acid metallocene adduct 50b (Scheme 2. 1 4). 50b 
displayed similar spectroscopic qualities as 50a with similar coupling constants and 
chemical shifts. The hafnium derivative will be addressed further in §2.2.3.2. 
Upon heating the reaction, no new species were observed in the 1 H or 31 P NMR 
data until 50 °C. At this temperature, the 1 H and 31 P NMR data (Figures 2.1 3-1 4) 
displayed a decrease in the integrated intensity of the starting material until the 
resonances associated with the complex disappeared into the baseline. At the same 
temperature, the bis-Lewis acid adduct 50b increased in intensity and the mono-Lewis 
acid adduct 51 b became observable at this temperature. A reaction was envisioned as 
follows in Scheme 2. 1 5. Upon cooling the solution, the mono- and bis-Lewis acid 
complexes decreased in integrated intensity but never disappeared. The starting 
material was not observed upon cooling of the solution. 
In the high-temperature 1 H NMR spectrum, two non-equivalent 
dimethylphosphinomethanide ligands were observed and assigned to 51 b. The 
observation confirmed that the �v symmetry of the starting material was reduced to � 
symmetry upon reaction with the Lewis acid confirming the binding of a Lewis acid to a 
single dimethylphosphinomethanide ligand. The increased 2 JHP coupling constants of a 
single set of doublets further confirmed the attachment of the Lewis acid to a single 
ligand. The simplest proposed bonding mode upon adduct formation was 54 (Figure 
2.1 5). 
Additionally, the Lewis acid had the potential to react with the metallocene 
complex at the methylene carbons. Alkyl carbon atoms are sufficiently electron rich for 
reaction as documented by Marks with 2985 and by Erker with 32. 1 45 A feasible bonding 
mode for such conditions can be envisioned as 55 (Figure 2. 1 5). 
36 
+ B(CeFsb 
toluene 
27 
Scheme 2. 1 5: Synthetic route for the generation of 51 , M = Zr (a) , Hf (b) . 
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6/ppm "'' P assignment 
6. 1 29 CH2PMe2-27 
-34.846 CH2PMe2 
1 5 50 25 
Figure 2.1 3: 1 P NMR spectrum at 50 °C of the reaction of one equivalent BAt3 with 
Cp2Hf(CH2PMe2}2 , 36b. Unconsumed starting material is observed at 6 = -36.31 0. 
6/ppm 2 
]Hp/Hz 
1 H assignment 
5.687 - CsHs 
0.830 1 0.4 CH2PMe2-(27) 
-0. 1 75 1 6.8 CH2PMez-(27) 
6/ppm 2 
]Hp/Hz 
'H assignment 
5.594 - CsHs 
0.894 1 0.5  CH2PMer(27) 
0.640 1 0.9 CH2PMe2-(27) 
0.788 3.4 CH2PM� 
0.073 4.1 CH2PMe2 
Figure 2.1 4: 1H NMR spectrum at 50 °C of the reaction of one equivalent BAt3 with 
Cp2Hf(CH2PMe2h 36b. 
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2 JHaPa = -1 OHz 
2 JHcPb = -3Hz 
2 JHbPa = -1 0Hz 
2 JHdPb = -3Hz 
54 
55 
Figure 2.1 5: Potential complexes generated upon reaction of 36 with 27 
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In such a bonding mode, the phosphorous atom remained three-coordinate. The 
31 P NMR data col lected on 51 b supported that the phosphorous atom of the Lewis acid 
bound l igand was no longer three-coordinate. Rather, the 31 P nucleus was four­
coordinate based on the h igh downfield sh ift of the resonance observed in the spectra 
resulting from a loss of s-character at the phosphorous atom. The 31 P peak of the Lewis 
acid bound l igand of 51 b appeared near the range where PMe4 + and P(Et)Me3 + appear in 
31 p NMR,  1 ·1 1 8·1 28-1 30·1 35 which was greatly deshielded as compared to PMe3 , 1 Li, 36 or 37. 
The peak of the non-Lewis acid bound l igand was observed near the orig inal 31 P peak of 
the starting material . 
The 2 JHP coupl ing supported the formation of the previous bonding mode where 
the Lewis acid is bound to the phosphorous atom. The couplings observed in the 1 H 
spectrum were consistent with the formation of a phosphorous-boron dative bond as 
compared to 48, 49 and 50. For a methylene-Lewis acid interaction, the NMR spectrum 
was expected to display 2 JHP interactions that were different from those observed in 36 
and 37 and different for each type of proton of 1 ,  which was not observed. Based on this 
observation and the 31 P NMR data, 55 was ruled out as the observed bonding mode in 
solution. 
The favored bonding model was 54. The chemical shifts of the resonances 
observed in the 31 P spectra displayed a three-coordinate and a four-coordinate 31 P 
nucleus. The associated 31 P resonance was observed in the chemical shift range of the 
starting material, which was predicted for a three-coordinate phosphorous atom . The 
chemical shift displayed only a small downfield shift with respect to the starting material 
resulting from the changes in electron density at the metal center. In addition, the 31 P 
resonance of the non-Lewis acid bound phosphinomethanide l igand showed no fluxional 
behavior over the temperature range surveyed on the NMR timescale. 
The chemical shifts of the methyl and methylene protons of the Lewis-acid-bound 
l igand observed by 1 H NMR supported the formation of a simple Lewis-acid adduct. 
These protons displayed a downfield sh ift with respect to the starting material , which was 
expected for the formation of a simple adduct. As described in §2.2. 1 . 1 , the formation of 
a phosphorous-boron bond increases the acidity of the alkyl C-H bonds, which al lowed 
for the downfield shift, the steric concerns in 50a were not present in this species. The 
coupling constants of the bound l igand were increased with respect to the starting 
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material to nearly 1 0  Hz, which was in accord with those observed in 48, 49 and 50. The 
data did not show evidence for ligand abstraction. 
The 1 H resonances of the non-bound 1 ligand displayed upfield changes in 
chemical shifts with respect to the starting material, which mirrored the changes observed 
in 50. The upfield shift of the methyl and methylene protons was not expected by 
comparison to the starting material, 36b. As sterics are not the dominant issue in 51 b, 
the M-C bond lengthening caused by the Lewis acid interaction and the subsequent 
increase of cationic character at the metal center allowed for the upfield shift of the non­
Lewis acid bound methylene protons. The coupling constants were 3 Hz, which was 
consistent with an L-type ligand based on the observations of 36, 37, 1 Li and PMe3• On 
the NMR timescale, theproton resonances did not display evidence for a fluxional 
complex or a complex in fast exchange over the temperature range investigated. 
§2.2.2.2 Attempted generation of the Ziegler-Natta complex by ligand abstraction 
with two equivalents of Lewis acid 
The reaction between 36a:Zr, b:Hf and two equivalents of Lewis acid 27 was 
performed for the purpose of abstracting a single dimethylphosphinomethanide ligand 
from 36 to generate a Ziegler-Natta catalyst. The Ziegler-Natta complex was the 
intended product with a single Lewis acid bound to the dimethylphosphinomethanide 
ligand. The proposed reaction was envisioned as shown in Scheme 2. 1 6. However, 
based on the data addressed in §2.2.3. 1 ,  the generation of the target complex was 
unsuccessful. The additional equivalent of Lewis acid was predicted to generate the bis­
Lewis acids adduct, 50. 
The reaction between the zirconium metallocene 36a and two equivalents of 
Lewis acid 27 proceeded immediately in toluene-de. 1 H and 31 P NMR data confirmed the 
presence of a new species at low temperature upon melting of the solvent. After 
dissolution of both solids, a pale yellow-orange solid precipitated from the solution 
observed in the NMR tube. 
The generation of the target complex 44a was not successful. According to the 
1 H and 31 P NMR data, the reaction produced two compounds. The first was the starting 
material 36a which was evident in the low temperature NMR. The second was the bis­
Lewis acid metallocene adduct 50a (Scheme 2. 1 4). With heating, the reaction proceeded 
47 
36 27 44 
Scheme 2. 1 6: Synthetic route to 44, M = Zr (a) , Hf (b). 
as observed in the previous reaction between the hafnium analog and one equivalent 27. 
No new species were observed in the 1 H or 31 P NMR data until 40 °c. At this 
temperature, the starting material disappeared into the baseline in the 1 H and 31 P NMR 
data (Figures 2. 1 6-1 7). At this temperature, the bis-Lewis-acid adduct 50a increase in 
intensity and the monerLewis acid adduct 51 a became clearly observable at this 
temperature. 
Two large doublets were observed in the 1 H spectra of the mixture of 50a and 
51 a. These peaks were not present in the similar spectrum of the hafnium analog. 
These peaks were not understood but were attributed to the differences in the two nuclei. 
The reaction between the hafnium metallocene 36b and two equivalents of Lewis 
acid proceeded immediately. As expected, the generation of the Ziegler-Natta complex 
44b was not successful. According to the 1 H and 31 P NMR data (Figures 2 . 1 8-1 9), the 
reaction proceeded in the identical manner as the reaction between 36b and one 
equivalent 27. The reaction immediately proceeded to the bis-Lewis acid adduct 50b and 
starting material 36b. Trace amounts of the mono-Lewis acid adduct 51 b were observed 
as well. 
With heating, there were no changes observed in the spectrum until 50 °C. At 
this temperature, as in the previous reactions, the starting material disappeared into the 
baseline with the appearance and growth of peaks associated with the mono- and bis­
Lewis acid adducts. Upon cooling the reaction, the integrated intensities of the moner 
and bis-Lewis acid adducts decreased in intensity. At no point was the starting material 
observed again. The methylene resonances of 50b showed further splitting as in 50a, 
upon cooling. 
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&/ppm 2 JHp/Hz 
'H assignment 
5.654 - CsHs 
0.633 1 0.9 CH2PMe2-(27) 
0.417 1 1 .7 CH2PMer(27} 
0.761 3.0 CH2PMe2 
-0. 1 45 3.5 CH2PMe2 
&/ppm 2 JHp/Hz 
1 H assignment 
5.694 - CsHs 
0.822 1 0.3 CH2PMe2-(27) 
0.089 1 5.8 CH2PMer(27) 
Figure 2.1 6: Alkyl region of the 1H NMR spectrum at 40 °C of the reaction of two 
equivalents BAt 3 with Cp2Zr(CH2PMe2)2, 36a . 
&loom .,, P assianment 
-4.31 8 CH2PMe2-27 
-34.999 CH2PMe2 
Figure 2.17: 31 P NMR spectrum at 40 °c of the reaction of two equivalents BAt3 with 
Cp2Zr(CH2PMe2)2 36a. 
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Figure 2.18: Alkyl region of the 1H NMR spectrum at 50 °c of the reaction of two 
equivalents BAt 3 with Cp2Hf(CH2PMe2)2 36b. 
Figure 2.1 9: 1 P NMR spectrum at 50 °C of the reaction of two equivalents BAt3 with 
Cp2Hf(CH2PMe2h 36b. 
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§2.2.2.3 Confirmation of the Ziegler-Natta complex generated by ligand 
abstraction util izing three equivalents of Lewis acid 
Three equivalents of Lewis acid 27 were reacted with hafnium bis­
phosphinomethanide complex 36b in bromobenzene-d5 (Scheme 2.1 7). A reaction of 
36b with a large excess of Lewis acid was to allow for the formation of the bis-Lewis acid 
adduct 50b with free 27 remaining in solution. The reaction proceeded immediately upon 
melting of the bromobenzene-d5, -35 °C, as supported by the immediate observance of 
new species in the NMR spectrum not associated with either pure starting material. A 
yellow solid precipitated out of the NMR solution during the VT experiment. No X-ray 
quality crystals grew in the NMR tube. 
At low temperature, 1 H NMR data displayed a complex spectrum. Several very 
broad resonances were observed in the alkyl and Cp regions of the 1 H spectrum. All of 
the broad peaks observed were shielded with respect to the metallocene starting 
material. The 1 3C spectra displayed only a single resonance in the Cp region. The 31 P 
NMR spectra showed a single very broad resonance which was heavily shielded with 
respect to the 31 P resonances of the starting material of this reaction 36b. 
Upon raising the temperature, 50b emerged as the dominant feature in the 1 H 
NMR spectra (Figure 2.20) and in the 31 P spectrum. The emergence of 50a at high 
temperature was tentatively assigned to the increased solubility at elevated temperature. 
The peaks in the baseline of the alkyl region of the spectra could not be assigned. The 
broad resonance of 31 P spectra grew in intensity with higher temperature. The 1 3C 
spectra showed a single resonance at 6/ppm = 1 1 9.200. The 1 1 B NMR showed free 
B(Ath above the glass in the NMR tube. 
36b 50b 
Scheme 2. 1 7: Synthesis of the bis-Lewis acid adduct of 36 in excess BAt 3• 
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Figure 2.20: 1 H NMR spectrum at 50 °Cof the reaction of three equivalents BAt 3 with 
Cp2Hf(CH2PMe2)2 36b. 
The confirmation of the generation of 50b in the previous reactions was 
successful .  The only feasible outcome of the reaction was the generation of 50b, which 
matched the spectroscopic data previously col lected. 
§2.2.2.4 Equil ibrium established between 50 and 51 
Based on the data col lected during the reactions detailed in §2.2. 1 -3, a complex 
equi l ibrium between the mono- and bis-Lewis acid adducts existed. At low temperature, 
the bis-Lewis acid species 50 was immediately formed. As the temperature increased, 
the phosphorous-boron bond was broken l iberating free Lewis acid 27 and the mono­
Lewis acid species 51 . The liberated Lewis acid then reacted with any starting material 
remaining in solution and generated additional 51 . Both reactions with the starting 
material proved to be non-reversible in the regeneration of the starting material. The 
fol lowing reactions were envisioned in Schemes 2. 1 8-1 9. 
The dissociation of the phosphorous-boron bond was observed to occur at a 
different temperature for each analog assigned by the disappearance of the starting 
material and appearance of 51 . The zirconium analog displayed the rapid appearance of 
the mono-Lewis acid at 40 °C; whereas, the hafnium analog displayed the same changes 
at 50 °c. The difference in the phosphorous-boron bond dissociation was attributed to 
the change of nuclei. 
52 
toluene 
36 27 50 36 
51 27 51 
Scheme 2. 18: Equilibrium established upon complete consumption of the starting material. 
50 51 27 
Scheme 2.19: Equilibrium between mono- and bis-Lewis acid adducts. 
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After the generation of 50 and 51 , the two species were in equilibrium at high 
temperature via the rapid exchange, on the NMR timescale, of the Lewis acid groups, 
breaking of the phosphorous-boron bond was observed without the generation of the 
starting material. 
§2.2.3 Ziegler-Natta complexes generated by M-C protonation of 36 
In this work, N,N-dimethylanilinium tetra(perfluorophenyl)borate 46 was to be 
used to protonate the M-C bond. Bochmann et al. have demonstrated M-C bond 
protonation as an effective means of generating Ziegler-Natta active catalysts.82•89 The 
N-H bond of the anilinium cation was expected to be sufficiently acidic for M-C bond 
protonation. The counterion, B(C6F5)4·, has been shown to weakly interact with the active 
catalyst to give increased catalytic activity with respect to species generated with the use 
of 27 to produce R-B(ArF)s. The reaction was to generate the Ziegler-Natta complex 44 
with B(C6F5)4. as the counterion. Also, predicted was the liberation of PMe3 and N,N­
dimethylaniline. The Ziegler-Natta complex was expected to display hemilabile behavior 
due to the weak interaction with the counterion. 
§2.2.3.1 Generation of the 44 by protonation of the M-C bond 
N,N-dimethylanilinium tetra(perfluorophenyl)borate 46 was reacted with one 
equivalent of the metallocene bis-phosphinomethanide species 36 to protonate the M-C 
bond (Scheme 2.20). The purpose of the reaction was the generation of the Ziegler­
Natta complex 44 and liberation of PMe3 and N(Ph)Me2• Variable temperature NMR 
analysis was performed on the reaction. 
The N-H resonance of the anilinium cation was not observed in the 1 H NMR 
spectra at any point during the variable temperature experiment. A resonance (o/ppm = 
36 44 
Scheme 2.20: Proposed reaction between 36 and 46 for M-C bond protonation. 
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0.8) tentatively assigned as PMe3 was observed in the 1 H spectrum (Figure 2.21 ). The 
resonance sharpened with increasing temperatures, which indicated a potential fast 
exchange with the metal center. The tentative exchange of PMe3 suggested a possible 
interaction with the product similar to complexes reported by Jordan et al. These 
observations were consistent with the protonation of M-C bond and the potential 
generation of 44. 
The additional 1 H resonances observed were very broad at low temperature and 
sharpened as the temperature was raised, which revealed the complex formed to be 
fluxional. No coalescence was observed and the resonances did not sufficiently sharpen 
in the observed temperature range for unambiguous identification of the products. 
In the low temperature 31 P spectra (Figure 2.22), PMe3 was observed as a broad 
resonance of low intensity. Also present in the low temperature spectra were two broad 
resonances shifted well downfield of the trimethylphosphine resonance. At high 
temperature, the broad resonances became broader and PMe3 was no longer observed 
in the spectra. The 1 3C NMR data revealed resonances attributed to N ,N-dimethylaniline. 
The 1 1 B spectra displayed a single resonance, which was observable over the boron of 
the NMR tube. 
The success of the reaction in generating the target complex, 44, was not 
certain. The observed NMR data were consistent with the formation of the target 
complex but did not unambiguously confirm the generation of 44. However, a highly 
Figure 2.21 : 1 H NMR spectrum at 10 °C of the reaction between 46 and 36b. 
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Figure 2.22: 1 H NMR spectrum at 50 °C of the reaction between 46 and 36b. 
fluxional complex was generated which affected the chemical shifts of the Cp protons as 
well as the methyl and methylene groups of the ligand. 
After protonation of the M-C bond and tentative generation of complex 44, three 
potential equilibria were established between the Ziegler-Natta complex and the 
following: (i) LX lig_and formation 56, (ii) coordination of PMe3 58, or (iii) Tt5- to Tt3-Cp ring 
slippage, 60 (Scheme 2.21 ). The last of the three was ruled out as a possible 
mechanism as the resulting complex is formally a 12e· species; 56 and 58 were each 
16e· complexes. The fluxional nature of the dimethylphosphinomethanide ligand, as 
observed in the 1 H NMR spectra, was potentially in agreement with the equilibrium (i). 
The 31 P spectra also supported the potential fast exchange of PMe3 in equilibrium (ii). 
The fluxional behavior observed in the Cp region of the spectra suggested the potential 
slipping of the Cp ring from f15- to Tt3-coordination. Potential ring slippage in complexes 
56 and 58 would result in a 14e· species in each complex, equilibrium (vi) and (v). The 
two resonances in the Cp region had a total integrated intensity of 1 oe·, based on the 
integrated intensity of the PMe3 proton resonance. 
Based on the observed chemical shifts of the Cp protons observed in the 
generation of 44 by M-CI abstraction, to be discussed in §2.2.4, PMe3 did coordinate with 
the metal center. The Cp resonances were not in the similar chemical shift range in the 
reaction where PMe3 was not available for fast exchange. The potential equilibrium 
between 56 and 57 was predicted to be the most feasible interaction. 
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Scheme 2.21 : Tentative equil ibria in the Ziegler-Natta complex 44. 
The same reaction was performed with the zirconium analog of 36a. The 
collected NM R data reflected the same observations made in the reaction with the 
hafn ium analog. However, excess starting material made it difficult to clearly observe the 
resonances. 
§2.2.4 Ziegler-Natta complexes generated by chloride abstraction from 37 
Abstraction of the chloride ion of 37 was attempted by the reaction with 
potassium tetrakis(perfluorophenyl)borate, 47. The potassium cation was expected to 
abstract er to produce the Ziegler-Natta complex and KCI. The absence of the 
generation of electron donors, PMe3 or N(Ph)Me2, in this method of catalyst generation is 
predicted to al low for the formation of a single, potentially fluxional ,  product. 
§2.2.4.1 Generation of the Zieg ler-Natta complexes by chloride abstraction from 
37 
Potassium tetra(perfluorophenyl)borate 47 was reacted with one equivalent of 
37a for ch loride abstraction from 37a (Scheme 2.22) for the generation of 44. A variable 
57 
temperature NMR experiment was performed on the reaction in identical manner to those 
performed previously. 
Potassium tetra(perfluorophenyl)borate was generated by the protonation of the 
anilinium cation by means of potassium hydride to give H2, N(Ph)Me2 and K[BAt4] 
(Scheme 2.23). Solid potassium hydride was added to 46 and stirred in hexane at room 
temperature. The procedure did not generate 47. N,N-dimethylanilinium 
tetrakis(perfluorophenyl)borate was not sufficiently soluble in hexane to facilitate the 
reaction. The use of toluene permitted the reaction to proceed, evident from the 
immediate release of a gaseous product upon melting of the solvent. A precipitate was 
not formed. 
The NMR data collected (Figures 2.23--24) on the reaction between 37a and one 
equivalent 47 was complex. The data did not confirm the product to be 44 with certainty. 
The observed broad resonances in the 1H spectra at low temperature significantly 
sharpened after raising the temperature, which revealed the generation of a highly 
fluxional product. The peaks did not coalesce over the temperature range surveyed. The 
31 P spectra clearly showed two strong resonances considerably deshielded with respect 
to PMe3• Two resonances (o/ppm = -62.636, -64.198) were observed in the range of 
"free" PMe3. Neither was attributed to PMe3 based on the potential exchange observed 
in the previous reaction. "Free" PMe3 (o/ppm = -61.940) was expected to appear as a 
broad resonance in the 31 P spectra. Starting material was 
37 
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Scheme 2.22: Proposed reaction between 37 and 47 for er abstraction. 
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Scheme 2.23: Synthetic route for anilinium protonation for generation of 47. 
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Figure 2.23: 1 H NMR spectrum at 50 °C of the reaction between 48 and 37a. 
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Figu re 2.24: 1 H NMR spectrum at -30 °C of the reaction between 48 and 37a. 
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Scheme 2.24: Potential equilibrium of 44 without electron donors present. 
also observed in the 31 P spectra, which correlated to peaks observed in the 1 H spectra. 
The 1 3C spectra showed starting material in the Cp region of the spectra. Four additional 
strong resonances were observed in the Cp region of 13C spectra. The 1 1 B spectra 
displayed a single boron nucleus, which was observable over the boron in the NMR tube. 
Generation of 44 utilizing this synthetic method was plausible. The product was 
fluxional on the NMR timescale and the resonances did not coalesce at any temperature 
observed, but the resonances did sharpened at high temperature. The data tentatively 
supported the generation of 44. After generation of 44, the dimethylphosphinomethanide 
potential ly interacted with the metal center as an LX ligand (Scheme 2.24). This behavior 
is potential ly feasible based on the two downfield resonances observed in the 31 P spectra 
and the observed fluxional behavior of the alkyl protons. The Cp region of the 1 H spectra 
showed two very broad resonances, each of which were tentatively assigned as a single 
Cp ring based on integration. The fluxional behavior potentially supports 115- to 113-
coordinate slippage of the Cp ring. A potential reaction scheme can be envisioned: 
The trace amount of THF in the starting material made attempts to interpret the 
data difficult. THF has been shown by Jordan to form dative bonds with metal centers in 
similar complexes.88' 146"149 
§2.3 Conclusions 
As a ligand, the two accessible bonding moieties of 1 were not clearly observed 
in this work. The first bonding mode, 111-bonding, was observed in complexes 36, 37 and 
51 . As stated in § 1 . 1 , a focus of this work was the observation of 1 behaving as a 
hemilabile ligand. The data were inconclusive in confirming complexes with LX bonding 
modes. 
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The bis(dimethylphosph inomethanide) complexes 36a,b rapidly reacted with the 
borane Lewis acid, B(ArF)s , at the phosphorous atom of the ligand to form a 
phosphorous-boron dative bond. The reaction immediately yielded the thermodynamic 
product, the bis-Lewis-acid adduct 50a,b. As the reaction m ixture was heated, the 
phosphorous-boron bond was broken and the liberated Lewis acid reacted with the 
remaining starting material to form the kinetic product. _At high temperature, the Lewis 
acid underwent a fast exchange process, on an NMR timescale, exchanging bound Lewis 
acids. The thermodynamic and kinetic products were sign ificantly more stable than the 
starting material, as the starting material was not observed thereafter. 
The l igand interaction with the Lewis acid was predicted, preferentially interacting 
with the more accessible and more Lewis-basic phosphorous atom , as compared to the 
methylene carbons, to form dative bonds. The reaction with the Lewis acid did not 
sufficiently weaken the M-C bond for complete ligand abstraction. This was not 
expected. The interaction of PMe3 with BH3 , which has less acidic character than 
B(ArF)s, has been shown to increase the acid ity of the C-H bonds of PMe3 by 75kJmor
1 
in the gas phase. 1 37'138'150 Abstraction of the l igand was expected to form a tight ion­
pair.72 As a result, solvent effects were not expected to prevent the abstraction of 1 .  
The rapid formation of stable phosphorous-boron bond confirms the fact that the 
LX moiety was not dictated by "hard/soft" interactions. Upon the complete removal of the 
dimethylphosphinomethanide l igand from 36, the complex displayed potentially 
hemilabile behavior. In the metallocenium cation 44, the metal center was sterically 
unencumbered for LX bonding. The potential LX bonding mode does not support the 
lack of a metal-phosphorous interaction based on "hard/soft" acid/base arguments. The 
metal center was sterically encumbered and access to a vacant site was not permitted. 
50a showed the CH2-Zr-CH2 bond angle between the phosphinomethanide 
ligands was 89.4 °. The changes of the M-CH2 bond lengths in complexes 52 and 53 
supported the lengthening of the analogous bond from 36 to soa. 13•1 5  The lengthening 
was attributed to the close packing of the l igands61-1o and increased steric crowding at the 
metal center. The potentially decreased steric crowding at the metal center in 44 was 
attributed to the preferential binding of PMe3 to the metal center upon M-C bond 
protonation.  The much larger N,N-dimethylanil ine was expected to be too large as 
compared to PMe3 for bonding. The metal center was expected to interact with the much 
"harder" dimethylaniline donor. Steric considerations at the metal center allowed for the 
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potential M-P "hard/soft" ineraction as opposed to the "hard/hard" M-N interaction of the 
aniline. 
The ligand packing about the metal dictates the presence of the LX bonding 
moiety. However, the formation of the LX bonding moiety and general behavior of 1 
deserves further consideration. The ligand clearly adds stability to metal complexes. 
Homoleptic complexes such as ZrMe4 and ZrMes2° are known to decompose below -15 
�C and O 0c, respectively. 151 The potentially homoleptic alkyl complex 43 did not show 
signs of decomposition at or above room temperature according to NMR data. This 
stability is of interest since the ligand is easily modified to obtain a specific chirality. 
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§3 Polymerization Chemistry 
The intent of this work was to generate a Ziegler-Natta active catalyst, 44, from 
the Group IV metallocene complexes 36 and 37. As detailed in §2, the generation of 44 
was not successful utilizing the Lewis acid 27 to abstract a dimethylphosphinomethanide 
ligand. The data were inconclusive in regards to the generation of 44 utilizing M-C bond 
protonation and M-CI abstraction methods. The reactivity of the complexes generated in 
§2.2.3-4 towards propylene gas and its potential polymerization was examined. 
All reactions were performed on the high-vacuum line. The precatalyst and 
cocatalyst were weighed into a high-vacuum ampoule and dissolved in toluene. The 
solution was brought to O °C, after generation of the complex to be examined, and was 
held at that temperature during the reaction. Propylene gas was introduced into the 
sample solution via the high-vacuum manifold, which was pressurized to 1 bar with 
propylene gas. After the reactions were complete, the complexes were quenched with 
methanol. The solvent was removed under reduced pressure and the remaining solid 
was collected. 
§3.1 Reactions of Ziegler-Natta precatalysts with propylene gas 
Initial reactions were performed using the metallocene precatalysts 36a, b and 
the Lewis acid cocatalyst 27 separately to obtain a base understanding of the 
polymerization process. The time vs. pressure plots of these reactions (Figures 3.1 -3) 
showed the expected drops in pressure upon initiation of the reaction. 
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Figure 3.1 : Polymerization of propylene with B(At)s. 
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Figure 3.2: Polymerization of propylene with Cp2Zr(CH2PMe2)2. 
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Figure 3.3: Polymerization of propylene with Cp2Hf(CH2PMe2h-
64 
45 
The reaction between 27 and propylene gas showed no change in propylene 
pressure in the high-vacuum line after the initial drop in pressure due to the volume 
change. This observation suggested the Lewis acid did not react with the olefin in a 
polymerization reaction. The mass of the powdery, white solid collected after the 
experiment was quenched with methanol was sufficient to account for the Lewis acid. 
The reaction of the precatalysts 36a and 36b with propylene gas each showed a 
decrease in propylene pressure after the initial drop in pressure due to the volume 
change. These observations suggested a reaction between the metallocene complex 
and the propylene gas. Upon quenching with methanol and removing the solvent under 
reduced pressure, the mass of the solid recovered was sufficient to account for the 
starting material and for the propylene gas consumed as observed by the change in 
pressure 
The 1H and 1 3C NMR spectra of the solid collected did not show resonances 
attributed to polypropylene 152 when NMR data was collected in the following solvents: 
CDCla, CaDs or C2D4C'2. 
The data supports the potential reaction of the metallocene complex with 
propylene gas. The reactions did not generate a high molecular weight polymer based 
on the results of the GPC and the amount of solid product collected. 
§3.2 Reactions of metallocene-lewis acid adducts with propylene gas 
The potential Ziegler-Natta active complexes, 50 and 51 , were generated and 
reacted with propylene gas. The reactions were expected to polymerize the olefin. 
§3.2.1 Reaction of propylene with the bi�Lewis acid adducts of 36a,b 
The Ziegler-Natta polymerization of propylene as was attempted using the bis­
Lewis acid adduct complexes 50a,b. The sample was kept below O °C prior to reaction 
as to prevent the generation of 51 . After the reaction was initiated, the pressure in the 
line rapidly decreased (Figures 3.4-5) and quickly became constant indicating the 
completion of the reaction. 
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Figure 3.4: Polymerization of propylene with Cp2Zr(CH2P(Me2)-B(Athh. 
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Figure 3.5: Polymerization of propylene with Cp2Hf(CH2P(Me2)-B(Athh. 
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After the propylene pressure in the high-vacuum line became constant, the 
reactions were determined to be complete and the reactions were quenched with 
methanol. The volatiles were removed at room temperature under reduced pressure to 
yield an amorphous solid in each reaction. The amount of solid collected from the 
ampoules did not account for the mass of the propylene gas potentially consumed by the 
metallocene complexes based on the change in pressure. The rate of change in 
propylene pressure with respect to time in the reaction with the hafnium reaction was 
almost identical to the rate observed in the reaction with the pure metallocene. For the 
zirconium analog , the rate was drastically slower in this reaction as compared to the pure 
starting materials. The rate of disappearance of propylene gas in the two samples was 
similar, which suggests a potentially similar reaction. 
1 H and 13C NMR showed no resonances, which could be assigned as 
polypropylene in each of the solvents used: CDCl3, C6D6 or C2D2Cl4 • The amorphous 
solid did not dissolve in toluene for GPC analysis, in which the samples were soluble 
prior to removing the solvent. The samples were only slightly soluble in THF, which was 
used as the solvent for GPC. The GPC displayed no peaks in the range of 2,000-
200,000 gmor 1 for either complex. 
The data supports the potential reaction of the Lewis-acid adducts of the 
metallocene complexes with propylene gas. Th,e reactions did not generate a high 
molecular weight polymer based on the results of the G PC and the amount of solid 
product collected. 
§3.2.2 Reaction of propylene with the mono-Lewis acid adducts of 36a,b 
The polymerization of propylene gas was attempted using the mono-Lewis acid 
adduct complexes 51 a,b. Heating the solution of 36 and 27 to 50 °C with stirring 
generated the mono-Lewis acid adduct. The solution was cooled to 0 °C and was 
reacted with propylene gas. The pressure vs. time plot of the reactions (Figures 3.6-7) 
showed the expected decrease in pressure due to the change in volume of the 
environment and the subsequent drop in pressure as the propylene gas reacted with 51 . 
After the propylene pressure in the high-vacuum line became constant, the 
reactions were quenched with methanol and the volatiles were removed to give an 
amorphous solid in each reaction. As in the reaction of the 50a, b with propylene, the 
mass of the solid recovered reflected the mass of the mono-Lewis acid adduct used in 
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Figure 3.6: Polymerization of propylene with 
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Figure 3.7: Polymerization of propylene with 
Cp2Hf (CH2PMe2)( CH2P(Me2)-B(At)s). 
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the reaction and did not account for the mass of propylene gas consumed in the reaction 
based on the observed change in propylene pressure. The initial rate of change in each 
reaction was much larger vs, the reaction with the mono-Lewis-acid adduct. 
The 1H and 13C NMR data collected on the solid displayed resonances for the 
solvent and trace amounts of methanol. The solids collected did not readily dissolve in 
the following NMR solvents: CDCl3, C6D6 or C2D4Cl2 • The product did not dissolve in 
toluene for GPC analysis. The samples were only slightly soluble in THF, which was 
used as the solvent for GPC. The GPC showed no peaks in the range of 2,000-200,000 
gmor1 for either metallocene species. There was not a sufficient amount of 51 b 
recovered GPC. 
Based on the observed change in pressure of propylene gas, a reaction did 
occur between the Lewis-acid adduct and the propylene gas. The increased rate of 
change revealed that the metallocene complex possessed increased reactivity toward 
propylene and potential supports the generation of a Ziegler-Natta catalyst. In such a 
case, the olefin does interact with the metal center and allows for the tentative abstraction 
of the dimethylphosphinomethanide ligand. The decreased steric hindrance in the mono­
Lewis acid complex in regards to the bis-Lewis acid complex potentially allows for olefin 
coordination. 
§3.3 Reactions of 44a, b, with propylene gas 
The potentially Ziegler-Natta catalyst 44a, b was generated by the reaction of 
N,N-dimethylanilinium tetra(pentafluorophenyl)borate 46 with 36a, b and reacted with 
propylene. After the reaction was initiated, the pressure in the line rapidly decreased 
(Figure 3.8-9) and became constant within 5 minutes. 
After the reaction was determined to be complete, the reaction was quenched 
with methanol. The volatiles were removed under reduced pressure at room temperature 
to yield an amorphous solid. The recovered samples were not significant enough to 
account for the propylene consumed in the reaction. The 1H and 13C NMR did not reveal 
resonances assigned to poylpropylene152 in any of the solvents used. For GPC analysis, 
the samples were dissolved in THF, as the compounds formed did not dissolve in 
toluene. The GPC showed no peaks in the range of 2,000-200,000 gmor1 for either 
metallocene analog. 
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Figure 3.8: Polymerization of propylene with [Cp2Zr(CH2PMe2)t_ 
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Figure 3.9: Polymerization of propylene with [Cp2Hf(CH2PMe2)t 
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The initial rate of disappearance of the propylene gas was over double the 
magnitude observed in the reaction with 51 and the reaction was complete in less than 5 
minutes for each reaction. The reactivity of the complex formed, which was tentatively 
assigned as 44, was much higher than either species formed by reaction with 27. The 
data potentially supports 44 to be Ziegler-Natta active. However, the complex does not 
generate polymers of high molecular weight based on the observed GPC and lack of 
accountability for the mass of consumed propylene. 
§3.4 Conclusions 
The metallocene complexes examined did not polymerize propylene to give long 
chain polymers as detected by NMR or GPC. However, the reactivity of the complexes 
toward propylene gas was rapid and increased from 50 to 51 to 44 based on the 
observed rate of disappearance of propylene. 
The bis-Lewis acid complex did not show an increase in reactivity towards 
propylene with respect to the starting material. The chemical inertness towards 
propylene was expected, as the complex is sterically encumbered and the olefin was 
potentially unable to coordinate with the metal center for reaction for simple steric factors. 
The mono-Lewis acid complex showed increased reactivity as the species 
generated by M-C protonation, tentatively assigned as 44. In these complexes, the 
metal center was not crowded as to inhibit a reaction with the metal center. The higher 
reactivity of 44, based on the observed rate change for propylene disappearance, 
generated via M-C protonation, was not expected do to the presence of electron donor 
complexes such as PMe3 and N(Ph)Me2• 
The lack of a h igh molecular weight polymer formed in these reactions was 
tentatively assigned to the electron donors present in each complex. The presence of 
donors in solution has been shown to deactivate complexes toward Ziegler-Natta 
polymerizations. However, the consumption of propylene in a ratio much greater than 1 : 1  
does not support the formation o f  a simple coordinated olefin in  these complexes, which 
supports a polymerization reaction. The presence of donors in solution and as a part of 
what would be the growing polymer promotes the interaction of the electron rich donor 
with the metal center.46•1 1 6 This would tentatively terminate or chain-transfer the growing 
polymer and promote oligimerization rather than polymerization. 
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§4 Experimental 
§4.1  General Synthetic Methods 
All syntheses involving air sensitive materials were carried out using standard 
Schlenk, glove box, or high-vacuum techniques using argon as the inert atmosphere 
where appropriate. Solutions were transferred via stainless steel cannul� under a 
positive pressure of argon. Solids were manipulated using an inert atmosphere glove 
box and all masses were measured on a three-figure balance. Volatile materials were 
handled using a greaseless high-vacuum line with a nominal pressure of greater than 1 f
f 
6 mbar. Prior to use, all glassware and cannul� were stringently dried using a hot air gun 
or a Bunsen burner after predrying in an oven at 160°C. Room temperature for all 
syntheses was 25 °C unless otherwise stated. Argon was predried for use in a Schlenk 
line via passage through a column of 4A molecular sieves and Ridox oxygen scavenger. 
The atmosphere in the glove box was conditioned in a similar manner using a catalyst 
bed of 4A molecular sieves and Ridox oxygen scavenger. Unless otherwise stated, 
solvents were predried over 4A molecular sieves and distilled immediately prior to use 
under argon from the appropriate drying agent: 
Solvent D!:Ying Agent 
Diethyl ether K3Na 
Pentane K3Na 
Hexane Na 
Tetrahydrofuran K 
Toluene Na 
Dichloromethane CaH2 
n-Butyl ether Na 
Benzene Na 
Bromobenzene CaH2 
All other solvents and materials were used as received unless otherwise stated. 
NMR spectra were collected on either a Varian-Mercury 300· or Bruker-Avance 
400 spectrometer. The 1H spectra were recorded at 300 or 400 MHz, respectively. The 
13C spectra were recorded at 75 or 100 MHz; 31 P spectra at 121 or 162 MHz. The 19F 
spectra were collected exclusively on the Varian-Mercury 300 spectrometer at 282 MHz. 
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The 1 1 B spectra were col lected exclusively on the Bruker-Avance 400 spectrometer at 
128 MHz. Chemical sh ifts were reported as o values in parts per mil l ion (ppm). The 
multiplicity of the signals was reported as follows: s, singlet; d, doublet; m,  multiplet; br, 
broad; or any combinations of the above. Perdeuterated NMR solvents were dried using 
the same drying agents as above and stored in high vacuum ampoules with Teflon taps 
under reduced pressure after being properly freeze-pump-thaw degassed. NMR 
solvents were transferred on the high-vacuum line using standard high-vacuum 
techniques. NMR samples were either flame sealed under reduced pressure or sealed 
with a Young's Tap NMR tube. NMR spectra were referenced to tetramethyls i lane via 
the residual proton signal of the perdeuterated solvents as follows: 
Solvent o 1 H o 1sc 
Benzene---ds 7.15 137.5 
T etrahydrof uran-da 1.74 65.4 
T oluene---da 2.09 20.4 
Bromobenzene---d5 7.47 127.2 
31 P spectra were referenced to zero via a 85% phosphoric acid solution in water. 1 1B 
spectra were referenced to zero via boron trifluoride etherate. 
Single crystal X-ray diffraction data were collected on Bruker AXS single crystal 
diffractometer. The crystal structure was solved using SH ELXTL version 6.12. 
Elemental analysis of samples was performed by Complete Analysis Laboratories , Inc; 
Parsippany, NJ. GPC was performed on a Waters 600E system equ ipped with three 
Waters Styageal columns. 
§4.1 .1  Trimethylphosphine, 1 17  P(CH3)a 38 
P(OCeHsb • /P�,, . . . Me Me �Me 
Caution: Trimethylphosphine is a toxic highly-volatile liquid and should only be handled 
in a well-ventilated fume hood. Also, this reaction evolves a large amount of heat; it is 
important to keep the reaction cool due to the high vapor pressure of trimethylphosphine. 
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Magnesium metal (28.003 gm, 1 . 1 52 mol, Fisher) was stirred under argon in 
1 500 ml of freshly distilled n-butyl ether contained in a 3000 ml three-neck round bottom 
flask, which was fitted with two glass stoppers and a gas take-off valve. Degassed 
iodomethane (1 63.532gm, 1 . 1 52 mol, Fisher) was added drop wise over 45 minutes with 
rigorous stirring upon the initiation of the reaction, which was assigned to the observation 
of small bubbles on the metal. The addition of iodomethane released a large amount of 
heat and as such the reaction was maintained at 0 °C in an ice bath to moderate the 
reaction and to prevent the reactant from becoming volatile. Upon completion of the 
addition of iodomethane, the dark brown reaction solution was allowed to stir overnight at 
0 °C. Degassed triphenylphosphite (1 69.0 ml, 0.384 mol, Fisher) was then added as a 
solid over 6 hours through a powder addition funnel with vigorous stirring. The addition of 
triphenylphosphite released a large amount of heat and was maintained at O °C with an 
ice water bath to inhibit the reactant and product from becoming volatile. Upon complete 
addition of triphenylphosphite, the reaction was allowed to come to room temperature 
and stir overnight. A white precipitate formed in the reaction vessel overnight. The 
reaction vessel was then set up for distillation and fitted with a vacuum-jacketed Vigreux 
distillation column and a water-jacketed condenser. Trimethylphosphine was then 
distilled from n-butyl ether under positive pressure of argon at 75 °C. Gaseous 
trimethylphosphine was condensed and collected at a nominal temperature of 39 °C. 
Distillation yielded a colorless, air-sensitive liquid. The liquid was distilled one additional 
time before being stored under argon in a Teflon sealed ampoule. The yield was 27.5 ml 
(20.2 gm, -0.266 mol); 69.3% based on iodomethane. 
1 H NMR (benzene-els, 20 °C) : o 0.801 (d, 2.4 Hz, CH3) .  
13C NMR (benzene-els, 
20 °C): 8 1 6.525 (d, 1 3. 7 Hz, CH3) .  
31 P NMR (benzene-els, 20 °C): 8 -61 .940 (s, PMe3) .  
§4.1 .2 Lith ium dimethylphosphinomethanide, 1 '1 1 8  Li-CH2P(CH3)2 1 Li 
hexane 
u '- / i:>�,,,. 
'c/ ,··Me 
H2 Me 
Caution : Lithium dimethylphosphinomethanide is incredibly air sensitive and highly 
flammable in air. 
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In a large tube Schlenk flask trimethylphosphine (20.0 ml, 1 4.7 gm, 0. 1 96 mol) 
was diluted to 50 ml with pentane and vigorously stirred. 100 ml of tert-butyllithium 
(1 .7M in pentane, 0. 1 7  mol, Aldrich) were added drop wise over 30 minutes at room 
temperature and was allowed to stir overnight. The solution became pale yellow in color 
with a white precipitate. The solution was filtered through a fine glass frit and the white 
solid was washed three times with pentane until no color remained in the pentane 
supernatant. The solvent was removed from the white solid by filtration and was further 
dried at room temperature under reduced pressure. The white solid was stored in a 
Schlenk flask under argon until use. The yield was 1 2.1 41 gm (0. 1 48 mol); 87. 1 %  based 
on tert-butyl lithium. 
1H NMR (THF-da, 20 °C): o 0.755 (d, 1 .2 Hz, CH3) ,  -0 .918 (d, Hz CH2) .  
1 3C NMR 
(THF-da, 20 °C): o 23.989 (d, 1 8.3 Hz, CH3) ,  o 9.576 (d, 36.7 Hz, CH2) .  31 P NMR (THF­
da, 20 °C): o -40.297 (s, P(CH2)Me2) .  
§4.1 .3 Cyclopentadiene, 121 C5H5 
H 
Caution: Dicyclopentadiene has a potent smell; carry out distillation in a fume hood. 
Avoid distilling to near completion as very hard yellow solid is produced in the distillation 
vessel. 
Dicyclopentadiene ( 1 25 ml, 1 .01 3 mol, Fisher) was placed in a 500 ml round 
bottom flask and was fitted for distillation with a Vigreux distillation column and water­
jacketed condenser. The liquid was heated for 6 hours at 250 °C with a silicon oil bath. 
Gaseous cyclopentadiene was condensed at a nominal temperature of 50 °C in a 250 ml 
round bottom Schlenk flask which was cooled to -78°C in a COiacetone slush bath. 
There was no further purification or analytical characterization of the cyclopentadiene 
prior to use. The solution was stored at -78°C and used as needed at that temperature to 
prevent the reverse reaction. 
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§4.1 .4 Sodium cyclopentadienide, NaC5H5 40 
0 ��3 o- _QQti. Q + NaCp 
!Na 
NaCp +O � o  
Caution: This reaction evolves large amounts of ammonia gas and should only be 
performed in a we/I-ventilated fume hood. 
In a large tube-Schlenk flask, sodium metal (5.826 gm, 0.253 mol, Fisher) was 
stirred in 200 ml of freshly condensed liquid ammonia at -78 °C in a C02'acetone slush 
bath. Cyclopentadiene (28.598 gm, 0.433 mol) was added drop wise until the blue color 
of the ammonia solution disappeared to yield a colorless solution. After addition of 
cyclopentadiene, the slush bath was removed and the solution was al lowed to warm to 
room temperature. The liquid ammonia was allowed to evaporate overnight under a 
positive pressure of argon to yield a white solid. The solid was dried at room temperature 
under reduced pressure. The air-sensitive solid was stored in a Teflon sealed vial under 
argon in a glove box. There was no further purification or characterization of the sodium 
cyclopentadienide prior to use. The yield was 18.192 gm (0.206 mol); 81.4% based on 
sodium. 
§4.1 .5 Bis(115-cyclopentadienyl)zirconium(IV) dich loride,1 19 Cp2ZrCl2 39a 
NaCp + ZrCl4 _
T_o_lu_e_n_e_•- �Zr'''''', .. c1 
75°c °" � Cl 
Sodium cyclopentadienide (6.700 gm, 0.076 mol) and zirconium (IV) tetrach loride 
(8.861 gm, 0.038 mol, Alfa Aesar) were mixed in a 500 ml round bottom Schlenk flask 
under argon in a glove box. The flask was removed from the glove box and 250 ml of . 
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toluene was added. The round bottom Schlenk was fitted with a water-jacketed reflux 
condenser under argon and allowed to reflux at 75 °C for 48 hours. After 48 hours, the 
stirring was removed and a brown solid remained in a yellow solution. The hot solution 
was filtered through glass filter paper via cannul�. The brown solid was extracted with 
two 1 00 ml portions of hot toluene. All washings were collected into a single large tube 
Schlenk flask and the solvent was removed under reduced pressure to precipitation. The 
solution was cooled to -20 °C and left overnight. Colorless, air-sensitive crystals of X­
ray quality precipitated from the yellow solution. The yellow solution was filtered through 
glass filter paper via cannul� and the colorless crystals were dried under reduced 
pressure at room temperature. The solvent of the remaining solution was removed under 
reduced pressure until precipitation and cooled overnight at -20 °C. The precipitated 
crystals were collected and added to the previously collected crystals. The yield was 
6.456 gm (0.029 mol); 63.9% based on zirconium tetrachloride. 
1 H NMR (benzene-ds, 20 °C): o 5.879 (s, C5H5) .  1 3C NMR (benzene-d6, 20 °C): o 
1 1 5. 700 (s, C5Hs). 
§4.1 .6 Bis(T)5-cyclopentadienyl)hafnium(IV) dich loride,1 19 Cp2HfCl2 39b 
Sodium cyclopentadiene (2. 1 80 gm, 0.0248 mol) and hafnium (IV) tetrachloride 
(4.321 gm, 0.01 35 mol, Alfa Aesar) were mixed in a large tube Schlenk flask in a glove 
box. The flask was removed from the glove box and 200 ml of toluene was added. The 
solution in the tube Schlenk was stirred and allowed to reflux at 75 °C. After refluxing for 
36 hours, stirring was removed to obtain a yellow solution with a brown solid. The hot 
solution was filtered through glass filter paper via cannul�. After removal of the solution, 
the brown solid was extracted with two 1 00 ml portions of toluene. All filtrates were 
combined and the solvent was removed under reduced pressure until precipitation. The 
solution was cooled to -20 °C overnight. Colorless, air-sensitive crystals of X-ray quality 
precipitated from the yellow solution. The yellow solution was filtered through glass filter 
paper via cannul� and the colorless crystals were dried at room temperature under 
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reduced pressure. The solvent of the remaining solution was removed under reduced 
pressure until precipitation and cooled to -20 °C overnight. The additional crystals 
obtained were collected and dried at room temperature under reduced pressure. The 
yield was 3.249 gm (8.56*1 0"3 mol); 63.4% on hafnium tetrachloride. 
1H NMR (benzene-ds, 20 °C): o 5.81 4 (s, C5H5) .  13C NMR (benzene-d6, 20 °C): o 
1 1 4.357 (s, CsH5) .  
§4.1 .7 Potassium·tetra(perfluorophenyl)borate, K[B(C6F5)4r 47 
In a glove box, N,N-dimethylani linium tetra(perfluorophenyl)borate (0.243gm, 
3.03*1 0"4 mol, Strem) and potassium hydride (0.022 gm, 5.37*1 0"4 mol, Fisher) were 
mixed in a high-vacuum ampoule. The ampoule was removed from the glove box and 1 O 
ml of toluene were condensed into the ampoule at -1 96 °C via high-vacuum techniques. 
The solution was al lowed to warm to room temperature and stirred. A gas was 
immediately evolved from the reaction. The reaction stirred overnight and a colorless 
solution was obtained. The solvent was removed at room temperature under reduced 
pressure to obtain a white precipitate. The precipitate was maintained at reduced 
pressure overnight for the removal of N(Ph)Me2 • The yield was 0.201 gm (2.80*1 0
-4 mol); 
92% based on N,N-dimethylanilinium tetra(perfluorophenyl)borate. 
1H NMR (toluene-de, 20 °C): no resonances observed. 
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§4.1 .8 Bis('r15-cyclopentadienyl)zirconium(IV) bis(dimethylphosphinomethanide), 10 
Cp2Zr(CH2PMe2)2 36a 
Lithium dimethylphosphinomethanide (0.61 9 gm, 7 .55*1 0"3 mol) was weighed in 
a Schlenk flask in the glove box. Bis(rt5-cyclopentadienyl)zirconium (IV) dichloride (1 .087 
gm, 3.71 8*1 0"3 mol) was weighed in the glove box and added to the same Schlenk flask. 
The Schlenk flask was removed from the glove box and 75 ml of pentane was then 
added. The solution was stirred overnight at room temperature; neither species readiliy 
dissolved. The reaction proceeded overnight to afford a yellow solution with a white 
powdery precipitate. The solution was filtered through glass filter paper via cannul� into 
a Schlenk flask and the solvent was removed under reduced pressure to give a powdery 
yellow-orange solid. The solid was extracted with three 30 ml portions of pentane until 
no color remained in the pentane solution. The yellow washings were combined and the 
solvent was removed under reduced pressure until precipitation. The yellow solution was 
stored at -80 °C for 3 hours and yielded yellow crystals, which were unsuitable for X-ray 
diffraction. The colorless solvent was removed at -78 °C by filtration through glass filter 
paper. The product was dried at room temperature under reduced pressure. The yield 
was 0.937 gm (2.522*1 0"2 mol); 67.8 percent yield based on bis(rt5-
cyclopentadienyl)zirconium (IV) dichloride. 
1 H NMR (benzene-d6 , 20 °C): 6 5.904 (s, C5H5) ,  0.927 (d, 3.0 Hz, CH3), 0.373 (d, 
3.6 Hz, CH2). 
1 3C NMR (benzene-de, 20 °C): 8 1 1 1 . 1 20 (s, C5H5) ,  20.488 (d, 1 6.5 Hz, 
CH3) ,  53.678 (d, 38. 1 Hz, CH2). 31 P NMR (benzene-de, 20 °C): 8 -36.71 7 (s, P(CH2)Me2)­
Elemental analysis: calculated: H 7.05%, C 51 .72%, Zr 24.55%. found: H 6.97%, C 
51 .61 %, Zr 24.37% 
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§4.1 .9 Bis(Tt5-cyclopentadienyl)hafnium(IV) bis(dimethylphosphinomethanide), 
Cp2Hf(CH2PMe2)2 36b 
� Li P.� 
\ -,\\Cl '- / "•·· Me Hf '' ' + 2 '-c..,.... 
�......,Cl I½ 
Me 
Lithium dimethylphosphinomethanide (0.480 gm, 5.854*1 0"3 mol) and bis(ri5-
cyclopentadienyl)hafnium (IV) dichloride ( 1 .01 7 gm, 2.890* 1 0"3 mol) were weighed out in 
the glove box and placed in the same Schlenk flask. The Schlenk flask was removed 
from the glove box and 75 ml of pentane was added. Neither of the solids readily 
dissolved in pentane. The reaction mixture was allowed to stir overnight at room 
temperature. The reaction mixture was yellow in color with a white powdery precipitate. 
The solution was filtered through glass filter paper into a Schlenk flask and the solvent 
was removed under reduced pressure to yield a powdery orange solid. The solid was 
extracted with three 50 ml portions of pentane, at which point no color remained in the 
pentane solution. The yellow washings were combined and the solvent was removed 
under reduced pressure until precipitation. The yellow solution was cooled to -80 °C for 3 
hours and yellow crystals, which were unsuitable for X-ray diffraction, were obtained. 
The colorless solvent was removed at -78 °C by filtration through glass filter paper. The 
product was dried at room temperature under reduced pressure and stored at O °C. The 
yield was 0.832 gm (1 .81 3* 1 0"3 mot); 62.3 percent yield based on bis(ri5-
cyclopentadienyl)hafnium ( IV) dichloride. 
1 H NMR (benzene-els, 20 °C): o 5.853 (s, C5H5) ,  0.934 (d, 3.3 Hz, CH3) ,  0. 1 1 0  (d, 
4.5 Hz, CH2). 
13C NMR (benzene-ds, 20 °C): o 1 1 0.684 (s, C5H5) ,  20.985 (d, 1 6.5 Hz, 
CH3) ,  58.385 (d, 36.7 Hz, CH2). 
31 P NMR (benzene-ds, 20 °C): o -36.31 0 (s, P(CH2)Me2). 
Elemental analysis: calculated: H 5.71 %, C 41 .88%, Hf 38.90%. found: H 5.76%, C 
41 .72%, Hf 38.64% 
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§4.1 .1 0 Sis(T)5-cyclopentadienyl) zirconium(IV) dimethylphosphinomethanide 
monochloride, 1° Cp2Zr(CH2PMe2)CI 37a 
� ·p�
--Me 
\ / 
Me 
THF ., z \\l , . . -CH2 
-LiCI r, 
� Cl 
Lith ium dimethylphosphinomethanide (0.286 gm, 3.49*1 0"3 mol) was weighed out 
in a tube Schlenk flask in the glove box. In a separate tube Schlenk flask, bis(ri5-
cyclopentadienyl)zirconium ( IV) dichloride (1 .021 gm, 3.49*1 0"3 mol) was weighed out in 
the g love box. Both Schlenk flasks were removed from the glove box and each solid was 
dissolved with 40 ml of tetrahydrofuran. The two colorless solutions were cooled to -78 
°C in a CO2'acetone s lush bath with rapid stirring. The lith ium 
dimethylphosphinomethanide solution was added via cannulm with rapid stirring to the 
bis(T)5-cyclopentadienyl)hafn ium ( IV) dichloride solution over 45 minutes. After addition, 
the reaction immediately produced a pale yellow-orange solution. The solution was 
stirred at -78 °C for three hours and allowed to come to room temperature. At which 
time, the solution color was red-orange in color. The solvent was removed at room 
temperature under reduced pressure and a red-orange oil was obtained. The oil was 
extracted with 30 ml of diethyl ether, which gave a yellow solution, and the extraction 
was repeated twice more until no color remained in solution. The washings were 
combined and the solvent was removed under reduced pressure until precipitation. The 
solution was cooled to -20 °C and left overnight. A yellow precipitate evolved, which was 
filtered and dried at room temperature under reduced pressure. The remaining product 
was yel low-orange oil and was stored under argon at -20 °C wrapped in aluminum foil. 
The yield was unable to be determined due to trace amounts of THF in the product. 
1H NMR (benzene-cft3, 20 °C) : 6 5.884 (s, C5H5) ,  1 .01 1 (d, 3.3 Hz, CH3) ,  0.91 1 (d, 
4.5 Hz, CH2) .  1
3C NMR (benzene-cit3, 20 °C) : 6 1 1 3 . 1 1 9  (s, C5H5) ,  1 9.981 (d, 1 6.2 Hz 
CH3) ,  6 54.054 (d, 39.3 Hz, CH2) .  
31 P NMR (benzene-cft3, 20 °C) : 6 -35.004 (s, 
P(CH2)Me2) .  
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§4.1 .1 1 Bis(T}5-cyclopentadienyl)hafnium(IV) dimethylphosphinomethanide 
monochloride, Cp2Hf(CH2PMe2)CI 37b 
Lithium dimethylphosphinomethanide (0.226 gm, 2.75*10"3 mol) was weighed out in a 
tube Schlenk flask in the glove box. In a separate tube Schlenk flask, bis(T}5-
cyclopentadienyl)hafnium (IV) dichloride (1.037 gm, 2.73*10"3 mol) was weighed out in 
the glove box. Both Schlenk flasks were then removed from the glove box. Each solid 
was dissolved with rapid stirring in 40 ml of tetrahydrofuran giving two colorless 
solutions. Both solutions were cooled to -78 °C in a  CO2'acetone slush bath. With rapid 
stirring, the lithium dimethylphosphinomethanide solution was added drop wise to the 
bis(T15-cyclopentadienyl)hafnium (IV) dichloride solution over 45 minutes at -78 °C. The 
solution immediately became pale yellow in color, which changed to orange and became 
more intense throughout the reaction. After the reaction was allowed to stir at -78 °C for 
three hours, the reaction was slowly brought room temperature. The orange solution was 
filtered with glass filter paper via cannulre into a medium tube Schlenk flask. The solvent 
was removed at room temperature under reduced pressure and gave an orange oil. The 
solid was extracted with 30 ml of diethyl ether to give a yellow solution. The solid was 
extracted twice more with 30 ml portions of diethyl ether until no color remained in 
solution. The yellow washings were combined and the solution was cooled to -20 °C and 
stored overnight. The solution was colorless with a pale yellow precipitate. The solvent 
was removed via cannulre and the yellow solid dried under reduced pressure at room 
temperature. The yellow solid was stored under argon at -20 °C wrapped in aluminum 
foil. The yield was impossible to determine, as the product was a mixture of 36b and 
37b. 
1H NMR of 37b(benzene-d6, 20 °C) : 8 5.814 (s, C5H5) ,  1.095 (d, 3.3 Hz, CH3), 
0.648 (d, 5.4 Hz, CH2) .  
13C NMR of 37b (benzene-els, 20 °C): 8 112.160 (s, C5H5) ,  20.483 
(d, 16.3 Hz, CH3) ,  54.731 (d, 37.3 Hz, CH2). 
31 P NMR of 37b (benzene-els, 20 °C): 8 -
33.244 (s, P(CH2)Me2) .  
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§4.1 . 12  Zirconium(IV) tetrakis(dimethylphosphinomethanide), Zr((CH2)PMe2)4 43a 
Note: It is important to cool the THF prior to addition to the zirconium (IV) chloride so as 
to not form the THF adduct, which is indicated by an immediate color change upon 
addition of THF. 
Lithium dimethylphosphinomethanide (0.474 gm, 5.779*1 0"3 mol) was weighed 
out in a Schlenk flask in the glove box. Into a separate Schlenk flask, zirconium ( IV) 
chloride (0.335 gm, 1 .438*1 0"3 mol) was weighed out in the glove box. Both Schlenk 
flasks were removed from the glove box and each solid was dissolved with 40 ml of 
tetrahydrofuran, giving two colorless solutions. The tetrahydrofuran was cooled to -78 °C 
prior to addition to zirconium ( IV) chloride. The lithium dimethylphosphinomethanide 
solution was slowly added with stirring to the zirconium ( IV) chloride solution over 1 5  
minutes immediately giving a pale yellow-orange solution. The stirring solution was held 
at -78 °C for three hours and allowed to come to room temperature with rapid stirring. As 
the reaction proceeded, the pale yellow-orange color became more intense. Once at 
room temperature, the solution was filtered with glass filter paper into a Schlenk flask. 
The solvent was removed under reduced pressure and gave an orange powdery solid. 
The material was extracted with pentane until no color remained in the pentane solution. 
The solvent was removed reduced pressure at room temperature and extracted with 50 
ml portions of pentane. After each extraction with pentane a white solid was remained in 
the f I ask. The solutions were collected and the solvent was removed under reduced 
pressure to yield a yellow-orange solid. The solid was extracted with two 50 ml portions 
of heptane and the white solid was not observed. The yield was 0 . 1 69gm (4.31 3* 1 0"4 
mol); 30% based on zirconium ( IV) chloride. 
1 H NMR (THF-da, 20 °C): 8 0.963 (d), 1 .00-1 .75 (br), 1 .283 (s), 1 .298 (s), 1 .41 3 
(s), 1 .430 (s), 1 .620 (d, 1 3. 1  Hz), 1 .638 (s), 1 .653 (s). 13C NMR (THF-da, 20 °C): no 
resonances observed. 
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§4.1 . 13  Hafnium(IV) tetrakis(dimethylphosphinomethanide), Hf((CH2)PMe2)4 43b 
Note: It is important to cool the THF prior to addition to the hafnium (IV) chloride so as to 
not form the THF adduct, which is indicated by an immediate color change upon addition 
of THF. 
Lithium dimethylphosphinomethanide (3.682 gm, 4.490*10"2 mol) was weighed 
out in a small Schlenk flask in the glove box. In a separate small Schlenk flask, hafnium 
(IV) chloride (3.603 gm, 1.125*10"2 mol) was weighed out in the glove box. Both Schlenk 
flasks were removed from the glove. Each solid was · then dissolved with 40 ml of dry 
and degassed tetrahydrofuran giving two colorless solutions. The tetrahydrofuran was 
cooled to -78 °C prior to addition to hafnium (IV) chloride. The lithium 
dimethylphosphinomethanide solution was slowly added with stirring to the hafnium (IV) 
chloride solution over ca. 15 minutes immediately giving a pale yellow-orange solution. 
The solution was stirred at -78 °C for three hours and allowed to come to room 
temperature with rapid stirring. As the reaction proceeded, the pale yellow-orange color 
became more intense. Once at room temperature, the solution was filtered with glass 
filter paper into another Schlenk flask. The solvent was removed under reduced pressure 
and gave an orange powdery solid. The material was extracted with pentane until no 
color remained in the pentane solution. The solvent was removed reduced pressure at 
room temperature and extracted with 50 ml portions of pentane. After each extraction 
with pentane a white solid was remained in the flask. The solutions were collected and 
the solvent was removed under reduced pressure to yield a yellow-orange solid. The 
solid was extracted with two 50 ml portions of heptane and the white solid was not 
observed. The yield was 1.821 gm (3.803*10·3 mol); 34% based on hafnium (IV) chloride. 
1H NMR (THF-da, 20 °C): 6 0.620-0.676 (br), 0.707 (br), 0.954 (s), 1.082 (s) , 
1.096 (s}, 1.145 (s}, 1.348 (d, 13.1 Hz}, 1.468 (s), 1.420 (s). 13C NMR (THF-da, 20 °C): 
no resonances observed. 
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§4.1 . 1 4 Lithium dimethylphosphinomethanide-tris(perfluorophenyl)borane adduct, 
Li-CH2PMe2B(C5F5)a 48 
Lithium dimethylphosphinomethanide (8 mg, 9.75*1 0·2 mmol) was added to a 
Young's tap NMR tube in the glove box. Tris(perfluorophenyl)borane (50 mg, 9.77*1 0"2 
mmol) was added to the same sample tube and the sample was then removed from the 
glove box. Toluene-de was condensed into the sample tube at - 1 96 °C under reduced 
pressure on a high-vacuum line. The tube was then sealed under reduced pressure and 
allowed to warm to room temperature. The reactants dissolved completely to yield a 
colorless solution. After the sample was removed from the spectrometer, the solution 
was red in color with solid on the side of the NMR tube. 
1H NMR (toluene-de, 20 °C): o 0.827 (d, 1 1 .4 Hz, CH3) ,  0.558 (d, 1 0.5 Hz, CH2) .  
13C NMR (toluene-de, 20°C): no observed resonances. 31 P NMR (toluene-de, 20 °C): o 
0.382 (br, P(CH2)Me28). 
1 1 8 NMR (toluene-de, 20 °C): no observed resonances. 
§4.1 . 1 5  Trimethylphosphine-tris(perfluorophenyl)borane adduct, PMe3B(C&Fsh 49 
Toluene. 
F Ar ··,,
,. At At� / 
/
p
�··Me Me Me 
Tris(perfluorophenylborane (0.027 gm, 5.3*1 0"5 mol) was added in the glove box 
to an NMR tube with a Teflon plug. The sample was then removed from the glove box 
and toluene-de was condensed into the sample tube at - 1 96 °C using high-vacuum 
techniques. The sample was warmed to room temperature and 
tris(perfluorophenyl)borane dissolved completely to yield a colorless solution. The sample 
was frozen with liquid N2 and trimethylphosphine (5.3*10·
5 mol) was condensed into the 
sample tube at - 1 96 °C utilizing high-vacuum techniques. The tube was flame sealed 
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under reduced pressure on the high-vacuum line. The solution was allowed to warm to 
room temperature and a solid precipitate was formed immediately. 
1 H NMR (toluene-de, 20 °C) : o 0.549 (d, 1 0.5 Hz, CH3) . 
13C NMR (toluene-d8, 20 
°C) : CH3 not observed, o 1 43.331 (s, ipso- C6F5) ,  1 48.244 (m,o-C6F5) ,  1 37.61 1 (m , m­
C6F5) ,  1 1 3.286 (m , p-C6F5) .  
31 P NMR (toluene-de, 20 C): not observed. 1 1 8 NMR 
(toluene-de, 20 °C) : no  observed resonances. 19F NMR (toluene-de, 20 C) :  o -1 29. 1 44 
(s ,o-C6F5) ,  -1 42.439 (m , m-C6F5) ,  -1 60.642 (m , p-C6F5) . 
§4.1 . 16  Sis(115-cyclopentadienyl)zirconium(IV) bis(dimethylphosphinomethanide) 
tris(perfluorophenyl)borane, {Cp2Zr(CH2PM�)2}(B(C6F5)ah 50a 
, .Me 
� t'<•Me 
\ 
�
CH2 
+ 2 B(CsFsb T
oluene 
�
z
, c\ 
...... 111Me 
� . ,Me 
Bis(n5-cyclopentadienyl)zirconium ( IV) bis(dimethylphosphinomethanide) (26 mg, 
0.070 mmol) and tris(perfluorophenyl)borane (73 mg, 0. 1 4  mmol) were added to the 
same Young's tap NMR in the glove box. The sample was removed from the glove box 
and dry and degassed toluene-de was condensed into the NMR tube using high-vacuum 
techniques at -1 96 °C. The solvent was kept frozen in l iquid N2 until immediately prior to 
inserting the sample into the spectrometer, at which time the sample was a yellow 
solution. After the variable temperature experiment, the sample was removed from the 
spectrometer and re�range crystals unsuitable for X-ray diffraction were observed on 
the side of the tube. 
1 H NMR (toluene-de, 40 °C) : o 5.527 (s, C5H5) ,  0.646 (d, 1 0.7 Hz, CH3) ,  -0.030 
(d, 1 5.6 Hz, CH2) . 
13C NMR (toluene-de, 40 °C) : o 1 1 3 (s, C5H5) .  
31 P NMR (toluene-de, 
40 °C): o 9.804 (br, P(CH2)Me2) . 
1 1 8 NMR (toluene-de, 40 °C): no observed resonance. 
86 
§4.1 . 17  Bis(115-cyclopentadienyl)hafnium(IV) bis(dimethylphosphinomethanide) 
tris(perfluorophenyl)borane, {Cp2Zr( CH2PMe2)2}(B( CsF shh 50b 
2 B(CsFsh Toluene, 
8is(115-cyclopentadienyl)hafnium (IV) bis(dimethylphosphinomethanide) (21 mg, 
0.046 mmol) was added to a Young's tap NMR tube in the glove box. Two equivalents of 
tris(perfluorophenyl)borane (47 mg, 0.092 mmol) were added to the same Young's tap 
NMR in the glove box. The sample was removed from the glove box and toluene-de was 
condensed into the sample tube at -1 96 °C using high-vacuum techniques. The solvent 
was kept frozen in liquid N2 until the sample was inserted into the spectrometer. 
Immediately prior to the variable temperature NMR experiment, the solvent was melted to 
yield a yellow solution after the reactants dissolved. After variable temperature analysis, 
the sample was removed from the spectrometer and red-orange crystals unsuitable for 
X-ray diffraction were observed on the side of the tube. 
1 H NMR (toluene-de, 50 °C): 8 5.687 (s, C5H5) ,  0.830 (d, 1 0.4 Hz, CH3) ,  -0. 1 75 
(d, 1 6.8 Hz, CH2) .  13C NMR (toluene-da, 50 °C): 8 1 1 1 . 1 40 (s, C5H5) .  
31 P NMR (toluene­
da, 50 °C): 8 8. 14 1  (br, P(CH2)Me2) .  
1 1 B NMR (toluene-c:fa, 50 °C): no observed 
resonance. 
§4.1 . 1 8  Bis(115-cyclopentadienyl)zirconium(IV) bis(dimethylphosphinomethanide) 
tris(perfluorophenyl)borane, {Cp2Zr(CH2PMe2MB(CsFsh 51 a 
+ B(C6F5)3 
Bis(115-cyclopentadienyl)zirconium (IV) bis(dimethylphosphinomethanide) (28 mg, 
0.075 mmol) was added to a Young's tap NMR tube in the glove box. One equivalent of 
tris(perfluorophenyl)borane (38 mg, 0.075 mmol) was added to the same Young's tap 
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NMR in the g love box. The sealed sample was removed from the glove box. Dry and 
degassed toluene-de for NMR spectroscopy was condensed into the sample tube with 
liquid N2 , -1 96 °C, using high-vacuum techniques. The sample remained in liquid N2 until 
immediately prior to recording the NMR spectra. After melting the solvent, the solution 
was yellow with a very pale yellow precipitate. During the experiment, the sample was 
removed from the spectrometer and no color was observed in the solution. Pale yellow 
crystals were the only observable species in the tube. The crystals were of X-ray quality 
and a crystal structure was solved. 
1H NMR (toluene-de, 40 °C) : o 5.654 (s, C5H5) ,  0.761 (d, 3.4 Hz, CH3) ,  -0. 1 45 (d, 
4.0 Hz, CH2) ,  0.633 (d, 1 0.9 Hz, P(CH3)-27) , 0.41 7 (d, 1 1 .7 Hz, P(CH2)-27) , .  
13C NMR 
(toluene-de, 40 °C) : o 1 1 4.021 (s, C5H5) .  31 P NMR (toluene-de, 40 °C) : o --4.31 8 (br, 
(CH2)PMe2) ,  -34.999 (s, (CH2)PMe2-27). 
1 1 B NMR (toluene-de, 40 °C): no observed 
resonance. 
§4.1 . 19  Bis{f15-cyclopentadienyl)hafnium(IV) bis( dimethylphosphinomethanide) 
tris(perfluorophenyl)boron, {Cp2Hf(CH2PMe2)2}B(CsFsh 51 b 
+ B(CsFsb 
8is(115-cyclopentadienyl)hafnium ( IV) bis(dimethylphosphinomethanide) (20 mg, 
0.043 mmol) and tris(perfluorophenyl)borane (22 mg, 0.043mmol) were added to the 
same Young's tap NMR in the g love box. The sealed sample was removed from the 
glove box and dry and degassed toluene-de was condensed into the sample tube at -1 96 
°C under reduced pressure on a h igh-vacuum line. The sample remained frozen until just 
prior to insertion into the spectrometer for a variable temperature NMR experiment. After 
the solvent melted, the sample immediately became yellow in color prior to insertion into 
the spectrometer. After the experiment, red-orange crystals, which were unsuitable for 
X-ray diffraction, were observed on the side of the tube. 
1 H NMR (toluene-de, 50 °C): o 5.594 (s, C5H5) , 0.788 (d, 3.4 Hz, CH3) , 0.073 (d, 
4.1 Hz, CH2) ,  0.894 (d, 1 0.5 Hz, P(CH3) -27), 0.640 (d, 1 0.9 Hz, P(CH2) -27) , .  
13C NMR 
(toluene-de, 50 °C): o 1 1 3.077 (s, C5H5) .  
31 P NMR (toluene-de, 50 °C) : o 6 . 1 29 (br, 
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(CH2)PMe2) ,  -34.846 (s, (CH2)PMer-27) . 
1 1 B NMR (toluene-d8, 50 °C) : no clearly 
observed resonance. 
§4.1 .20 Bis(115-cyclopentadienyl)hafnium(IV) bis(dimethylphosphinomethanide) 
tris(perfluorophenyl)borane, {Cp2Zr(CH2PMe2)2}(B(CsFsh)2 B(CsFsh 
8is(t15-cyclopentadienyl)hafn ium ( IV) bis(dimethylphosphinomethanide) (1 7 mg, 
0.037 mmol) and tris(perfluorophenyl)borane (57 mg, 0 . 1 1 2  mmol) were added to the 
same Young's tap NMR in the g love box. The sample was removed from the glove box 
and dry and degassed bromobenzene-d5 was condensed into the sample tube at -1 96 °C 
using h igh-vacuum techniques. The solvent was kept frozen until immediately prior to 
inserting the sample into the spectrometer. After the solvent was melted, the sample was 
a yellow solution and the reactants were dissolved. After variable temperature NMR 
experiment, the sample was removed from the spectrometer and red-orange crystals 
unsuitable for X-ray diffraction were observed on the side of the tube. 
1 H NMR (toluene-de, 20 °C) : o 5.687 (s , C5H5) ,  0.830 (d, 1 0.4 Hz, CH3) ,  -0. 1 52 
(d, 1 6.8 Hz, CH2) .  
13C N MR (toluene-de, 20 °C) : o 1 1 9.3 (s, C5H5) .  
31 P NMR (toluene-de, 
20 °C) : o 8. 1 41 (br, P(CH2)Me2) .  
1 1 B N MR (toluene-de, 20 °C) : no observed resonance. 
§4.1 .21 Bis(115-cyclopentadienyl)zirconium(IV) (dimethylphosphinomethanide) 
tetra(perfluorophenyl)borate, [Cp2Zr(CH2PMe2)tlB(CsFs)4]" 44a 
� -��
·•Me 
\ I Me 
u-Jr,i:: + 47 
� -��·Me 
Me 
Toluene 
8is(115-cyclopentadienyl)zirconium ( IV) bis(dimethylphosphinomethanide) (20 mg, 
0.054 mmol) was added to a Young's tap NMR tube in the glove box. N ,N­
dimethylanil inium tetra(perfluorophenyl)borate (44 mg, 0.054 mmol) was added to the 
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same Young's tap NMR in the glove box. The sealed sample was removed from the 
glove box. Dry and degassed toluene-de for NMR spectroscopy was condensed into the 
tube using high-vacuum techniques at -1 96 °C. The sample remained frozen until 
immediately prior to performing a variable temperature NMR analysis. After melting the 
solvent, the solution immediately became yellow prior to insertion into the spectrometer. 
When the sample was removed from the spectrometer, red-orange crystals unsuitable 
for X-ray diffraction were observed on the side of the tube. 
1 H NMR (toluene-de, 55 °C): o 0.404 (d, 3.5 Hz, CH2 of 36a) , 0.698 (d, 7.0 Hz), 
0.804 (d, 2.6 Hz, P(CH3)a), 0.928 (d, 3.1 Hz, CH3 of 36a) , 1 .001 (d, 3.1 Hz), 1 . 1 1 2 (d, 3.2 
Hz), 4.961 (s), 5.905 (d, 4.4 Hz), 5.943 (s, C5H5 of 36a) , 6.585 (d, 8. 1 Hz, N(o-C6H5) ,  
6.71 3 (t, 7 .3 Hz, N(p-C6H5) ,  7.1 62 (dd, 7.3 Hz, 8.7 Hz, N(m-C6H5) .  
1 3C NMR (toluene-de, 
20 °C): o 40. 1 71 (s, N(Ph)Me2) ,  1 1 1 .093, (s, N(o-C6H5) ,  1 1 1 . 1 23 (s , C5H5 of 36a) , 
1 1 2.978. (s, N(m-C6H5) ,  1 1 7.007 (s, N(p-C6H5) .  
31 P NMR (toluene-de, 50 °C): -36.457, (s, 
CH2PMe2) ,  -61 .597 (s, PMe3) .  
1 1 B NMR (toluene-de, 50 °C): 0.076 (B(At)a. 
§4.1 .22 Bi5'.f15-cyclopentadienyl)hafnium(IV) (dimethylphosphinomethanide) 
tetra(perfluorophenyl)borate, [Cp2Zr(CH2PMe2)t[B(C6F5)4r 44b 
� -p�
•Me 
\ I Me 
Hf\\l • ·CH2 
'cH + 47 \ 2 
•P�·Me 
Me 
Toluene 
� -��
-Me + 
\ I Me 
�,.,.CH2 
+ PMe3 
Bis(ri5-cyclopentadienyl)hafnium (IV) bis(dimethylphosphinomethanide) (20 mg, 
0.044 mmol) was added to a Young's tap NMR tube in the glove box. N,N­
Dimethylanilinium tetra(perfluorophenyl)borate (44 mg, 0.055 mmol) was added to the 
same Young's tap NMR in the glove box. The sample was removed from the glove box 
and toluene-de was condensed into the NMR tube at -1 96 °C on a high-vacuum line. The 
sample remained frozen until immediately prior to performing a variable temperature 
NMR experiment. Upon melting of the solvent, the solution became yellow with the 
reactants dissolving immediately. After the experiment, the sample was removed from 
the spectrometer and red-orange crystals unsuitable for X-ray diffraction were observed 
on the side of the tube. 
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1 H NMR (toluene-d8, 50 °C) : 6 0.330 (d, 1 4.9 Hz), 0.694 (br, PMe3), 0.871 (br), 
2.560 (s, N(Ph)Me2), 5.368 (br), 5.486 (br), 6.582 (d, 7.9 Hz, N(o-C6H5)Me2), 6.71 8 (t, 7.3 
Hz, N(p-CsHs)Me2) ,  7. 1 66 (m, N(m-C6H5) Me2).  
13C NMR (toluene-de, 20 °C): 6 40. 1 43 (s, 
N(Ph)Me2), 99.580 (s, N( o-CsHs) Me2) ,  1 1 2.920 (s, N(m-C6H5)Me2) ,  1 1 6.965 (s, N(p­
CsH5). 
31 P NMR (toluene-de, 50 °C) : 6.694 (s), -4. 1 9 1  (s), -61 .534 (s, PMe3) .  
1 1 B NMR 
(toluene-de, 50 °C) : -0.607 (B(At)3. 
§4.1 .23 Bis(.:r15-cyclopentadienyl)zirconium(IV) (dimethylphosphinomethanide) 
tetra(perfluorophenyl)borate, [Cp2Zr(CH2PMe2)t[B(C6F5)4]" 
Toluene + KCI 
Bis(ri5-cyclopentadienyl)zirconium ( IV) (dimethylphosphinomethanide) mono­
chloride (22 mg, 0.066 mmol) was weighed out in the glove box and stored in a Young's 
tap NMR tube. Potassium tetra(perfluorophenyl)borate (49 mg, 0.068 mmol) was 
weighed out and added to the same NMR tube in the glove box. After removing the 
sample from the glove box, toluene-de was condensed into the tube at -1 96 °C using 
high-vacuum techniques. The solvent was kept frozen until immediately prior to inserting 
the sample into the spectrometer for a variable temperature experiment. After melting 
the solvent, shaking mixed the solution and the solution became a rich yellow color. After 
the experiment, a yellow solid lined the walls of the reaction tube. 
1 H NMR (toluene-de, 45 °C): 6 - 1 .280 (br), -1 .007 (br), 0.258 (s), 0.508 (br), 0.623 
(br), 0.858 (br), 1 .005 (s), 4.781 (br), 4.942 (br), 5.694 (br), 5.906 (s), 6.007 (s). 13C NMR 
(toluene-de, 40 °C) : 6 1 02.91 7  (s), 1 03.442. (s), 1 1 3.650 (s), 1 1 4.032 (s), 1 1 4. 1 1 5  (s), 
1 1 5.689 (s). 31 P NMR (toluene-de, 45 °C) : 6 1 7.086 (s), 1 4.01 0 (s), -6.658 (s), -34.956 
(s), -63.337 (s), -64.598 (s). 1 1 B NMR (toluene-de, 30 °C): 6 0.069 (s). 
§4.1 .24 Polymerization of propylene gas by metallocene complex 27 
Tris(pentafluorophenyl)borane (0.023 g, 4.492*1 0'5 mol) was weighed out in a 
glove box and added to a high-vacuum ampoule (43.8 ml). The sample was sealed with 
a Teflon tap and removed from the glove box. Toluene (5.898 gm, 6.81 ml) was added 
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to the ampoule using high-vacuum techniques to give a 6.60*1 0"2 M solution and cooled 
to 0 °C. The high-vacuum line (91 0.2 ml) was pressurized at room temperature to a 
nominal pressure of 977.0 mbar with propylene gas (1 .535 gm, 3.648* 1 0"2 mol). The 
high-vacuum line was opened to the neck of the ampoule (42.4 ml) with a drop in the 
nominal pressure of propylene gas to 933.5 mbar. The high-vacuum ampoule was 
opened to the high-vacuum line for polymerization to begin. After the ampoule was 
opened, the pressure in the line immediately dropped to 898.6 mbar. The pressure in the 
high vacuum was recorded for 30 minutes and the ampoule was removed from the high 
vacuum line. The reaction was quenched with methanol and the solvent was removed at 
room temperature under reduced pressure. The solid remaining in the ampoule was 
collected for NMR analysis. 
1H NMR (benzene-d6, 20 °C): no resonances beyond solvent. 
13C NMR 
(benzene-els, 20 °C): no resonances beyond solvent. 
§4.1 .25 Polymerization of propylene gas by metallocene complex 36a 
Bis(ri5 -cyclopentadienyl)zirconium ( IV) bis( dimethylphosphinomethanide) (0.034 
g, 9.1 5 1 * 1 0"5 mol) was weighed out in a glove box and added to a high-vacuum ampoule 
(1 84.2 ml). The sample was sealed with a Teflon tap and removed from the glove box. 
Toluene (1 4.469 gm, 1 6.7 ml) was added to the ampoule using high-vacuum techniques 
to give a 5 .48*1 0"3 M sol_ution and cooled to 0 0c. The high-vacuum line (91 0.2 ml) was 
pressurized at room temperature to a nominal pressure of 985.6 mbar with propylene gas 
(1 .549 gm, 3.681 * 1 0"2 mol). The high-vacuum line was opened to the neck of the 
ampoule (40.7 ml) with a drop in the nominal pressure of propylene gas to 942.5 mbar. 
The high-vacuum ampoule was opened to the high-vacuum line for polymerization to 
begin. After the ampoule was opened, the pressure in the line immediately dropped to 
802. 1 mbar. The pressure in the high vacuum was recorded for 34 minutes and the 
ampoule was removed from the high vacuum line. The reaction was quenched with 
methanol and the solvent was removed at room temperature under reduced pressure. 
The solid remaining in the ampoule was collected for NMR analysis. 
1H NMR (benzene-els, 20 °C): no resonances beyond solvent. 13C NMR 
(benzene-ds, 20 °C): no resonances beyond solvent. 
§4.1 .26 Polymerization of propylene gas by metallocene complex 36b 
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8is(T15-cyclopentadienyl)hafnium (IV) bis(dimethylphosphinomethanide) (0.038 g, 
8.282*1 0·5 mol) was weighed out in a glove box and added to a high-vacuum ampoule 
(1 36.94 ml). The sample was sealed with a Teflon tap and removed from the glove box. 
Toluene (1 5. 1 66 gm, 1 7.5 ml) was added to the ampoule using high-vacuum techniques 
to give a 4.73*1 0-3 M solution and cooled to 0 °C. The high-vacuum line (91 0.2 ml) was 
pressurized at room temperature to a nominal pressure of 968.5 mbar with propylene gas 
(1 .522 gm, 3.61 7*1 0-2 mol). The· high-vacuum line was opened to the neck of the 
ampoule (42.8 ml) with a drop in the nominal pressure of propylene gas to 925.0 mbar. 
The high-vacuum ampoule was opened to the high-vacuum line for polymerization to 
begin. After the ampoule was opened, the pressure in the line immediately dropped to 
822.0 mbar. The pressure in the high vacuum was recorded for 37 minutes and the 
ampoule was removed from the high vacuum line. The reaction was quenched with 
methanol and the solvent was removed at room temperature under reduced pressure. 
The solid remaining in the ampoule was collected for NMR analysis. 
1 H NMR (benzene-�, 20 °C): no resonances beyond solvent. 1 3C NMR 
(benzene-�, 20 °C): no resonances beyond solvent. 
§4.1 .27 Polymerization of propylene gas by metallocene complex 50a 
8is(T15-cyclopentadienyl)zirconium ( IV) bis(dimethylphosphinomethanide) (0.031 
g, 8 .343*1 0-5 mol) and tris(pentafluorophenyl)borane (0.043 g, 8.399*1 0-5 mol) were 
weighed out in a glove box and added to a high-vacuum ampoule (1 30.4 ml). The 
mixture of solids was sealed with a Teflon tap and removed from the glove box. Toluene 
(1 7.203 gm, 1 9.9 ml) was added to the ampoule using high-vacuum techniques to give a 
4. 1 9* 1 0"3 M solution. The solvent was condensed into the ampoule at -1 96 °C and was 
slowly warmed as to not exceed 0 °C. The two solids were dissolved with stirring. The 
high-vacuum l ine (9 1 0.2 ml) was pressurized at room temperature to a nominal pressure 
of 968.5 mbar with propylene gas (1 .502 gm, 3.569*1 0-2 mol). The high-vacuum line was 
opened to the neck of the ampoule (42.8 ml) with a drop in the nominal pressure of 
propylene gas to 925.0 mbar. The high-vacuum ampoule was opened to the high­
vacuum line for polymerization to begin. After the ampoule was opened, the pressure in 
the line immediately dropped to 828.9 mbar. The pressure in the high vacuum was 
recorded for 55 minutes. The ampoule was removed from the high vacuum line and the 
reaction was quenched with methanol. The solvent was removed at room temperature 
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under reduced pressure. The solid remaining in the ampoule (0.080g)was collected for 
NMR and GPC analysis. 
1 H NMR (benzene-ds, 20 °C): no resonances beyond solvent. 1 3C NMR 
(benzene-ds, 20 °C) : no resonances beyond solvent or methanol. GPC: no peaks in the 
observed range. 
§4.1 .28 Polymerization of propylene gas by metallocene complex 50b 
Bis(ri5-cyclopentadienyl)hafnium (IV) bis(dimethylphosphinomethanide) (0.021 g, 
4.577*1 0"5 mol) and tris(pentafluorophenyl)borane (0.024 g, 4.688*1 0"5 mol) were 
weighed out in a glove box and added to a h igh-vacuum ampoule (1 04.4 ml). The 
mixture of solids was sealed with a Teflon tap and removed from the glove box. Toluene 
was added to the ampoule using high-vacuum techniques and the two solids were 
dissolved with stirring. The solvent was condensed into the ampoule at -1 96 °C and was 
slowly warmed a� to not exceed O °C. The h igh-vacuum l ine (662.2 ml) was pressurized 
at room temperature to a nominal pressure of 974.8 mbar with propylene gas (1 . 1 1 4  gm , 
2.648*1 0"2 mol). The high-vacuum ampoule was opened to the high-vacuum line for 
polymerization to begin . After the ampoule was opened, the pressure in the line 
immediately dropped to 831 .3 mbar. The pressure in the high vacuum was recorded for 
70 minutes and the ampoule was removed from the high vacuum line. The reaction was 
quenched with methanol and the solvent was removed at room temperature under 
reduced pressure. The solid (0.050 g) remaining in the ampoule was col lected for NMR 
and GPC analysis. 
1 H NMR (benzene-ds, 20 °C) : no resonances beyond solvent. 13C NMR 
(benzene-ds, 20 °C) : no resonances beyond solvent or methanol. GPC: no peaks in the 
observed range. 
§4.1 .29 Polymerization of propylene gas by metallocene complex 51 a 
8is(ri5-cyclopentadienyl)zirconium ( IV) bis( dimethylphosphinomethanide) (0.030 
g, 8.074*1 0"5 mol) and tris(pentafluorophenyl)borane (0.041 g, 8.008*1 0"5 mol) were 
weighed out in a glove box and added to a high-vacuum ampoule (1 93.5 ml). The 
mixture of sol ids was sealed with a Teflon tap and removed from the glove box. Toluene 
(1 9.737 gm, 22.8 ml) was added to the ampoule using h igh-vacuum techniques to give a 
3.538*1 0"3 M solution. The solution was warmed to 50 °C for 20 minutes and cooled to 0 
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�C. The two solids were dissolved with stirring. The high-vacuum line (91 0.2 ml) was 
pressurized at room temperature to a nominal pressure of 969. 1 mbar with propylene gas 
(1 .523 gm, 3.61 9*1 0"2 · mol). The high-vacuum line was opened to the neck of the 
ampoule (40.6 ml) with a drop in the nominal pressure of propylene gas to 927.7 mbar. 
The high-vacuum ampoule was opened to the high-vacuum line for polymerization to 
begin. After the ampoule was opened, the pressure in the line immediately dropped to 
786.5 mbar. The pressure in the high vacuum was recorded for 55 minutes and the 
ampoule was removed from the high vacuum line. The reaction was quenched with 
methanol and the solvent was removed at room temperature under reduced pressure. 
The solid remaining in the ampoule (0.082 g)was collected for NMR and GPC analysis. 
1 H NMR (benzene-ds, 20 °C): no resonances beyond solvent. 1 3C NMR 
(benzene-ds, 20 °C): no resonances beyond solvent or methanol. GPC: no peaks in the 
observed range. 
§4.1 .30 Polymerization of propylene gas by metallocene complex 51 b 
8is(ri5-cyclopentadienyl)hafnium ( IV) bis(dimethylphosphinomethanide) (0.023 g, 
5.01 3* 1 0·5 mol) and tris(pentafluorophenyl)borane (0.026 g, 5.078*1 0"5 mol) were 
weighed out in a glove box and added to a high-vacuum ampoule (1 65.0 ml). The 
mixture of solids was sealed with a Teflon tap and removed from the glove box. Toluene 
( 1 0.391 gm, 1 2.0 ml) was added to the ampoule using high-vacuum techniques to give a 
4.1 77*1 0"3 M solution. The solution was warmed to 50 °C for 20 minutes and cooled to 0 
°C. The two solids were dissolved with stirring. The high-vacuum line (91 0.2 ml) was 
pressurized at room temperature to a nominal pressure of 973.2 mbar with propylene gas 
( 1 .529 gm, 3.634*1 0"2 mol). The high-vacuum line was opened to the neck of the 
ampoule (39.0 ml) with a drop in the nominal pressure of propylene gas to 933.2 mbar. 
The high-vacuum ampoule was opened to the high-vacuum line for polymerization to 
begin. After the ampoule was opened, the pressure in the line immediately dropped to 
803.7 mbar. The pressure in the high vacuum was recorded for 30 minutes and the 
ampoule was removed from the high vacuum line. The reaction was quenched with 
methanol and the solvent was removed at room temperature under reduced pressure. 
The solid remaining in the ampoule (0.01 8  g) was collected for NMR analysis. 
1 H NMR (benzene-ds, 20 °C): no resonances beyond solvent. 13C NMR 
(benzene-ds, 20 °C): no resonances beyond solvent or methanol. 
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§4.1 .31 Polymerization of propylene gas by metallocene complex 44a, generated 
via M-C bond protonation of 36a 
Bis(ri5-cyclopentadienyl)zirconium ( IV) bis( dimethylphosphinomethanide) (0.032 
g, 8.61 3*1 0"5 mol) and N,N-dimethylanilinium tetra(pentafluorophenyl)borate (0.068 g, 
8.487*1 0"5 mol) were weighed out in a glove box and added to a high-vacuum ampoule 
( 151 .4 ml). The mixture of solids was sealed with a Teflon tap and removed from the 
glove box. Toluene (20.932 gm, 24.2 ml) was added to the ampoule using high-vacuum 
techniques to give a 3.56*1 0"3 M solution. The solvent was condensed into the ampoule 
at -1 96 °C and was slowly warmed as to not exceed 0 °C, The two solids were dissolved 
with stirring. The high-vacuum line (91 0.2 ml) was pressurized at room temperature to a 
nominal pressure of 960.7 mbar with propylene gas (1 .51 0 gm, 3.588*1 0"2 mol). The 
high-vacuum line was opened to the neck of the ampoule (40.4 ml) with a drop in the 
nominal pressure of propylene gas to 91 9.9 mbar. The high-vacuum ampoule was 
opened to the high-vacuum line for polymerization to begin. After the ampoule was 
opened, the pressure in the line immediately dropped to 81 1 .3 mbar. The pressure in the 
high vacuum was recorded for 43 minutes and the ampoule was removed from the high 
vacuum line. The reaction was quenched with methanol and the solvent was removed at 
room temperature under reduced pressure. The solid remaining in the ampoule (0.1 01 g) 
was collected for NMR and GPC analysis. 
1H NMR (benzene-ds, 20 °C): no resonances beyond solvent. 1 3C NMR 
(benzene-cfs, 20 °C): no resonances beyond solvent or methanol. GPC: no peaks in the 
observed range. 
§4.1 .32 Polymerization of propylene gas by metallocene complex 44b, generated 
via M-C bond protonatlon of 36b 
8iS(f15-cyclopentadienyl)zirconium (IV) bis(dimethylphosphinomethanide) (0.034 
g, 7.41 0*1 0"5 mol) and N,N-dimethylanilinium tetra(pentafluorophenyl)borate (0.039 g, 
4.867*1 0·5 mol) were weighed out in a glove box and added to a high-vacuum ampoule 
(1 91 .3 ml). The mixture of solids was sealed with a Teflon tap and removed from the 
glove box. Toluene ( 16.247 gm, 1 8.8 ml) was added to the ampoule using high-vacuum 
techn.iques to give a 3.94*1 0"3 M solution. The solvent was condensed into the ampoule 
at -1 96 °c and was slowly warmed as to not exceed 0 °C, The two solids were dissolved 
with stirring. The high-vacuum line (91 0.2 ml) was pressurized at room temperature to a 
nominal pressure of 973.5 mbar with propylene gas (1 .530 gm, 3.635*1 0"2 mol). The 
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high-vacuum line was opened to the neck of the ampoule (40.9 ml) with a drop in the 
nominal pressure of propylene gas to 931 .6 mbar. The high-vacuum ampoule was 
opened to the high-vacuum line for polymerization to begin. After the ampoule was 
opened, the pressure in the line immediately dropped to 788.6 mbar. The pressure in the 
high vacuum was recorded for 25 m inutes and the ampoule was removed from the high 
vacuum line. The reaction was quenched with methanol and the solvent was removed at 
room temperature under reduced pressure. The solid remaining in the ampoule (0.078 g) 
was collected for NMR and G PC analysis. 
1 H NMR (benzene-d6, 20 °C) : no resonances beyond solvent. 
1 3C NMR 
(benzene-d6, 20 °C) : no  resonances beyond solvent o r  methanol . GPC: no  peaks i n  the 
observed range. 
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Crystal data and structure refinement for Bis-cyclopentadienyl zirconium(IV) bis­
dimethylphosphinomethanide bis-Lewis acids adduct. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cel l dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 28.28° 
Refinement method 
Data I restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma( I)] 
R indices (all data) 
Largest diff. peak and hole 
zrpbarfm 
C66 H42 B2 F30 P2 Zr 
1 579.78 
1 73(2) K 
0.11 073 A 
monoclinic 
P2( 1  )/n 
a =  1 7.034(6) A 
b = 21 .655(7) A 
c = 1 9.836(6) A 
69 1 4(4) A3 
4 
1 .51 8 Mg/m3 
0.326 mm·1 
3 1 52 
mm3 
1 .37 to 28.37° . 
a= 90° . 
�=1 09° . 
y = goo . 
-22<=h<=22 , -28<=k<=28, -25<=1<=26 
71 977 
1 6557 [R(int) = 0.3 1 05] 
95.6 % 
Full-matrix least-squares on F2 
1 6557 /0/957 
0.972 
R1 = 0. 1 204, wR2 = 0.2948 
R1 = 0.3326, wR2 = 0.4051 
1 .504 and -1 .365 e.A-3 
Atom ic coordinates ( x 1 04) and equivalent isotropic displacement parameters (A2x 1 o3) 
for Bis-cyclopentadienyl zirconium(IV) bis-dimethylphosphinomethanide bis-Lewis acids adduct. 
U(eq) is defined as one third of the trace of the orthogonalized uij tensor. 
X y z U(eq) 
B1  0.870430 0.809575 0.91 3832 0.0351 90 
B2 0.937480 0.489750 0.66961 1 0.033940 
C 1  1 . 1 1 31 94 0.593591 0.9521 30 0.059760 
C2 1 . 1 54832 0.56291 6 0.91 4636 0.062990 
C3 1 .224355 0.592742 0.91 7969 0.081 920 
C4 1 .23 1 299 0.647093 0.965792 0.073740 
cs 1 . 1 60672 0.643837 0.987696 0.050440 
C6 1 .204056 0.762772 0.857889 0.0701 90 
C7 1 . 1 28973 0.779790 0.81 6277 0.08051 0 
CB 1 .2341 57 0.7 1 641 2 0.824231 0.1 1 5260 
C9 1 . 1 1 5765 0.7321 81 0.746903 0.064720 
C10  1 . 1 88272 0.702055 0.769435 0.1 08480 
C1 1 0.87521 3 0.51 2494 0.591 987 0.026960 
C1 2 0.847378 0.480642 0.530078 0.037370 
C1 3 0.791728 0.501723 0.468063 0.04 1 360 
C1 4 0.761 1 89 0.558654 0.465360 0.0441 40 
C1 5 0.784029 0.59321 6  0.523828 0.043880 
C1 6 0.840082 0.570883 0.587369 0.037830 
C1 7 0.981 1 38 0.4 1 9093 0.663392 0.03281 0 
C1 8 0.964223 0.36681 4 0.69481 2 0.0382 1 0  
1 84 
C 1 9  0.996254 0.308490 0.687294 0.042400 
C20 1 .044251 0.306551 0.642782 0.063940 
C2 1 1 .059991 0.355480 0.61 0386 0.042850 
C22 1 .029244 0.41 0938 0.62 1 691 0.038950 
C23 0.89651 6 0.4891 09 0.733697 0.025920 
C24 0.81 4523 0.498636 0.725983 0.031 870 
C25 0.782093 0 .498284 0.781 207 0 .029300 
C26 0.8331 41 0.48691 4 0.848869 0.038790 
C27 0.91 3961  0.4751 58 0 .860553 0.042230 
C28 0.943231 0.477529 0.806250 0.037660 
C29 0.81 1 021  0 .780948 0.836673 0.027560 
C30 0.791 1 24 0.71 7933 0.829272 0.033700 
C31 0.738907 0.692847 0.769882 0.044480 
C32 0.698570 0 .72701 2 0.71 2491 0.055280 
C33 0.71 5692 0.788296 0.71 4647 0.042550 
C34 0.770670 0.81 2935 0.776286 0.036050 
C35 0.828085 0.8032 1 5  0.97601 4 0.037470 
C36 0.743400 0.792908 0.961 684 0.042940 
C37 0.705740 0.796041 1 .01 3535 0.067650 
C38 0.7531 27 0.805534 1 .0791 94 0.082850 
C39 0.834782 0.81 5249 1 .099239 0.07251 0  
C40 0.870360 0.81 3466 1 .045645 0.043650 
C41 0.901 548 0.880424 0.905391 0.031 920 
C42 0 .946054 0.8931 95 0.8641 82 0.036420 
C43 0.976265 0.952401 0.8538 1 4  0.044230 
C44 0.956359 0.99861 7 0.890025 0.053200 
C45 0.91 2556 0.990962 0.931 369 0.050090 
C46 0.884830 0.932947 0.941 900 0.049730 
C47 0.978822 0.700244 1 .01 3548 0.035780 
C48 1 .068096 0 .806698 0.981 305 0.035660 
C49 0.994635 0.709876 0 .8721 85 0.031 750 
C51 1 .035038 0.552077 0 .701 379 0.0000 1 0  
C52 1 .026268 0.608480 0.766039 0.029650 
C53 1 .042243 0.597278 0.625288 0.033 1 20 
C54 1 . 1 38257 0.51 5433 0.7336 1 2  0.037040 
F1  0.859531 0.608663 0.644779 0.039630 
F2 0.753876 0.653293 0.5241 33 0.069090 
F3 0.703008 0.581 1 47 0.405048 0.080950 
F4 0.766960 0 .465609 0.408486 0.070280 
F5 0.872309 0.41 9788 0.526030 0.051 1 20 
F6 0.91 57 1 3  0.365069 0.7371 95 0.047780 
F7 0.979499 0.25851 1 0.71 8660 0.070900 
F8 1 .075749 0.247757 0.634 1 5 1  0.082780 
F9 1 . 1 06690 0.350927 0.5676 1 7  0.065600 
F 1 0  1 .044079 0.459351 0.58401 0 0.046900 
F1 1 1 .026759 0.464557 0.81 8523 0.047500 
F 1 2  0.9681 82 0.465759 0.926762 0.076670 
F 1 3  0.803802 0.485204 0.905785 0.0681 70 
F 1 4  0 .700308 0.50431 8 0.769526 0.051 240 
F 1 5  0.757552 0.507844 0.66091 9  0.041 630 
F1 6 0.688875 0.785263 0.893408 0.054560 
F 1 7  0.62441 9 0.787993 0.9951 82 0.095 1 60 
F1 8 0.720523 0.81 4083 1 . 1 35800 0 . 1 30270 
F1 9 0.886270 0.830232 1 . 1 6861 5 0 . 1 1 1 260 
F20 0.950551 0.825361 1 .066287 0.062690 
F2 1 0.779096 0.875253 0.774855 0.042590 
F22 0.676064 0.824084 0.658465 0.069370 
F23 0 .647596 0.700328 0.651 552 0.089330 
F24 0.724465 0.6291 1 9  0.768092 0.073670 
F25 0.82461 6 0.679820 0.886225 0.044480 
P2 0.977955 0.755566 0.942450 0.029 1 20 
1 85 
F26 0.835732 0.928845 0.98251 3 0.0561 70 
F30 0.9641 67 0.847363 0.823072 0.048320 
F27 0 .892751 1 .039263 0.966566 0.064950 
F29 1 .021 21 1 0 .958968 0.809539 0.068060 
F28 0.984698 1 .05781 6 0.880078 0.075030 
C55 0.877649 0.827994 0.64471 1 0.075450 
C56 0.91 0556 0.7491 91 0.582892 0.061 920 
C57 0.91 6581 0.871 098 0.61 6953 0.053010  
C58 0 .962585 0.8541 49 0.573652 0.081 070 
C59 0.955906 0.7841 73 0.554525 0.075740 
C60 0.91 581 2 0.93841 0 0.634009 0.086030 
C61 0 .866748 0.768387 0.622096 0.0851 00 
Zr1 1 . 1 1 4071 0.669433 0.855007 0.036980 
C62 0.1 1 4 100 0.048300 0.721 600 0.050000 
C63 0.41 8200 0.537700 0.91 9700 0.050000 
C64 0.1 35500 -0.001 300 0.688300 0.050000 
C65 0.91 5800 0.905600 0.31 8800 0.050000 
C66 0.388400 0.500800 0.889000 0.050000 
C67 0.065200 0.094500 0.601 600 0.050000 
C68 0.962500 0.898200 0.297700 0.050000 
Bond lengths [A] and angles [0] for Bis-cyclopentadienyl zirconium(IV) bis-
dimethylphosphinomethanide bis-Lewis acids adduct. 
B1 Distance Angles 
C35 1 .6225 (0.021 3) 
C41 1 .5974 (0.0220) 1 1 2 .37 ( 1 .20) 
C29 1 .6776 (0.021 3) 1 1 1 .27 (1 .22) 1 1 3.05 (1 . 1 7) 
P2 2 .0870 (0.01 59) 1 08.71 (0.97) 1 06 . 12  (0.95) 1 04.81 (0.88) 
B1 C35 C41 C29 
B2 Distance Angles 
C1 1 1 .6268 (0.02 1 4) 
C23 1 .6382 (0.0200) 1 1 3.55 ( 1 . 1 0) 
C 1 7  1 .69 1 2  (0.0205) 1 1 1 .41 ( 1 . 1 7) 1 1 2 . 1 1 (1 . 1 3) 
C51 2.071 6 (0.01 79) 1 06.91 (0.94) 1 05 . 19  (0.98) 1 07. 13  (0.88) 
B2 C1 1 C23 C1 7 
C1  Distance Angles 
C2 1 .3 197 (0.0254) 
C5 1 .4224 (0.0244) 1 08.63 ( 1 .80) 
Zr1 2.5388 (0.01 67) 75.93 (1 .25) 73.32 ( 1 .04) 
C1  C2 C5 
C2 Distance Angles 
C3 1 .3588 (0.031 3) 
C1  1 .3 1 97 (0.0254) 1 09.82 ( 1 .86) 
Zr1 2.5608 (0.0202) 71 . 1 6  (1 .30) 74.08 ( 1 . 1 2) 
C2 C3 C1  
C3 Distance Angles 
C2 1 .3588 (0.031 1 )  
C4 1 .4376 (0.0293) 1 08.48 ( 1 .82) 
Zr1 2 .4814  (0.01 94) 77.62 (1 . 1 3) 72.60 (1 . 1 2) 
C3 C2 C4 
C4 Distance Angles 
C5 1 .381 2  (0.0268) 
186 
C3 1 .4376 (0.0293) 1 05.07 ( 1 .89) 
Zr1 2 .4678 (0.01 88) 76.41 ( 1 .03) 73 .63 (1 .08) 
C4 cs C3 
cs Distance Angles 
C1  1 .4224 (0.0243) 
C4 1 .381 2  (0.0268) 1 07.82 ( 1 .70) 
Zr1 2 .5291 (0.01 79) 74.08 (0.96) 71 .53 (1 . 1 7) 
cs C1  C4 
C6 Distance Angles 
C7 1 .3327 (0.0297) 
ca 1 .41 86 (0.0352) 1 1 1 .62 (2 .43) 
Zr1 2.5592 (0.0204) 74.63 ( 1 . 1 9) 70.69 ( 1 .36) 
C6 C7 ca 
C7 Distance Angles 
C6 1 .3327 (0.0297) 
C9 1 .71 09 (0.0338) 97.97 ( 1 .80) 
Zr1 2 .5530 (0.01 84) 75. 1 5 (1 .26) 69.06 (0.94) 
C7 C6 C9 
ca Distance Angles 
C 1 0  1 . 1 8 1 5  (0.0367) 
C6 1 .41 86 (0.0352) 1 1 5.43 (3.31 ) 
Zr1 2 .4821 (0.0254) 74.90 (1 .83) 76.67 (1 .46) 
ca C1 0 C6 
C9 Distance Angles 
C 1 0  1 .3822 (0.0364) 
C7 1 .7 1 09 (0.0339) 1 02.64 ( 1 .95) 
Zr1 2.5 146 (0.01 82) 71 .51 ( 1 .33) 71 .49 (0.92) 
C9 C 1 0  C7 
C 1 0  Distance Angles 
ca 1 . 1 8 1 5  (0.0368) 
C9 1 .3822 (0.0364) 1 1 2 .03 (3.54) 
Zr1 2 .4554 (0.0250) 77.42 ,(2 .09) 76.22 ( 1 .40) 
C 1 0  ca C9 
C1 1 Distance Angles 
C1 2 1 .3766 (0.01 96) 
C 1 6  1 .4379 (0.01 99) 1 1 0.54 ( 1 .33) 
82 1 .6268 (0.0214) 1 29.65 ( 1 .35) 1 1 9.69 ( 1 .28) 
C1 1 C 1 2  C 1 6  
C 1 2  Distance Angles 
C1 1 1 .3766 (0.01 96) 
C1 3 1 .3428 (0.0208) 1 26.71 ( 1 .54) 
F5 1 .3951 (0.0 161 )  1 1 9.36 ( 1 .34) 1 1 3.91 ( 1 .38) 
C 1 2  C1 1 C1 3 
C 1 3  Distance Angles 
C 1 4  1 .3723 (0.0232) 
C 1 2  1 .3428 (0.0209) 1 1 9.28 ( 1 .59) 
F4 1 .3795 (0.01 84) 1 2 1 . 1 6  ( 1 .50) 1 1 9.56 (1 .62) 
C 1 3  C 1 4  C 1 2  
C1 4 Distance Angles 
C1 5 1 .3209 (0.0230) 
C 1 3  1 .3723 (0.0232) 1 1 8.37 ( 1 .55) 
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F3 1 .3639 (0.01 77) 1 21 .76 (1 .72) 1 1 9.86 (1 .66) 
C 1 4  C1 5 C 1 3  
C1 5 Distance Angles 
C 1 4  1 .3209 (0.0230) 
C16  1 .3528 (0.0205) 1 22.35 (1 .67) 
F2 1 .3766 (0.01 85) 1 1 9. 1 5  (1 .44) 1 1 8.47 ( 1 .53) 
C1 5 C 1 4  C16  
C 1 6  Distance Angles 
F1 1 .3349 (0.01 59) 
C1 1 1 .4379 (0.01 99) 1 1 8.70 (1 .30) 
C 1 5  1 .3528 (0.0205) 1 1 8.58 (1 .44) 1 22 .71 (1 .48) 
C1 6 F1 C1 1 
C 1 7  Distance Angles 
C22 1 .341 0  (0.01 92) 
C 1 8  1 .3557 (0.01 96) 1 1 3.90 (1 .34) 
B2 1 .69 1 2  (0.0205) 122 .31 ( 1 .27) 1 23.64 ( 1 .2 1 )  
C 1 7  C22 C 1 8  
C 1 8  Distance Angles 
F6 1 .3681 (0.01 67) 
C 1 7  1 .3557 (0.01 96) 1 23.98 ( 1 .28) 
C1 9 1 .4032 (0.0208) 1 1 3.00 (1 .33) 122.96 ( 1 .45) 
C18  F6 C 1 7  
C 1 9  Distance Angles 
F7 1 .3563 (0.01 81 ) 
C20 1 .3654 (0.0238) 1 1 9 .41  (1 .51 ) 
C1 8 1 .4032 (0.0208) 121 .03 ( 1 .49) 1 1 9.55 ( 1 .59) 
C 1 9  F7 C20 
C20 Distance Angles 
C21 1 .3641 (0.0242) 
C 1 9  1 .3654 (0.0238) 1 1 8.04 ( 1 .56) 
F8 1 .3562 (0.01 85) 12 1 .85 ( 1 .66) 1 20. 1 0  (1 .76) 
C20 C21 C 1 9  
C21 Distance Angles 
C20 1 .3641 (0.0242) 
F9 1 .3473 (0.01 65) 1 1 8.07 (1 .49) 
C22 1 .3524 (0.0202) 1 1 9.04 ( 1 .45) 1 22.89 (1 .55) 
C21 C20 F9 
C22 Distance Angles 
C 1 7  1 .341 0  (0.01 92) 
C21 1 .3524 (0.0202) 1 26.50 ( 1 .49) 
F 1 0  1 .3890 (0.01 66) 1 1 9 . 1 8  ( 1 .27) 1 1 4.22 (1 .31 ) 
C22 C 1 7  C21 
C23 Distance Angles 
C24 1 .3929 (0.01 78) 
C28 1 .3886 (0.01 99) 1 1 2.49 ( 1 .24) 
B2 1 .6382 (0.0200) 1 25.39 ( 1 .26) 1 21 .90 (1 . 1 7) 
C23 C24 C28 
C24 Distance Angles 
F1 5 1 .3 1 40 (0.01 60) 
C23 1 .3929 (0.01 78) 1 22.59 ( 1 .29) 
C25 1 .3921 (0.01 89) 1 14.79 ( 1 .21 ) 1 22.62 ( 1 .36) 
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C24 F 1 5  C23 
C25 Distance Angles 
F1 4 1 .31 95 (0.0141 ) 
C26 1 .4065 (0.021 0) 1 1 8. 1 8  ( 1 .21 ) 
C24 1 .3921 (0.01 89) 1 21 .43 ( 1 .31 ) 1 20.29 (1 .26) 
C25 F14  C26 
C26 Distance Angles 
C27 1 .3583 (0.0209) 
C25 1 .4065 (0.0209) 1 1 8.82 (1 .38) 
F1 3 1 .361 4  (0.01 67) 1 1 9.60 (1 .58) 1 21 .46 (1 .37) 
C26 C27 C25 
C27 Distance Angles 
C28 1 .3659 (0.0206) 
C26 1 .3583 (0.0209) 1 1 8.01 (1 .49) 
F 1 2  1 .3299 (0.01 73) 1 2 1 . 1 8  (1 .43) 1 20.76 (1 .49) 
C27 C28 C26 
C28 Distance Angles 
C27 1 .3659 (0.0206) 
F1 1 1 .3853 (0.01 49) 1 1 5.97 (1 .33) 
C23 1 .3886 (0.01 99) 1 27.61 (1 .33) 1 1 6.42 (1 .23) 
C28 C27 F1 1 
C29 Distance Angles 
C34 1 .3749 (0.01 89) 
C30 1 .381 5  (0.01 90) 1 1 2.49 (1 .30) 
81 1 .6776 (0.021 3) 1 25.80 (1 .26) 1 21 .60 (1 .21 ) 
C29 C34 C30 
C30 Distance Angles 
C31 1 .3627 (0.0210) 
F25 1 .3769 (0.01 61 ) 1 1 6.65 (1 .31 ) 
C29 1 .381 5  (0.01 90) 1 24.79 ( 1 .44) 1 1 8.52 (1 .26) 
C30 C31 F25 
C31 Distance Angles 
C30 1 .3627 (0.021 0) 
C32 1 .3743 (0.0231 ) 1 20.99 ( 1 .51 ) 
F24 1 .3744 (0.01 76) 1 1 9.78 ( 1 .52) 1 1 9. 1 7  (1 .50) 
C31 C30 C32 
C32 Distance Angles 
C31 1 .3743 (0.0231 ) 
C33 1 .3798 (0.0224) 1 1 5.73 ( 1 .47) 
F23 1 .31 82 (0.0 1 81 ) 1 23. 1 4  (1 .63) 1 21 .01 (1 .61 ) 
C32 C31 C33 
C33 Distance Angles 
F22 1 .341 3  (0.01 57) 
C32 1 .3798 (0.0223) 1 1 6.70 ( 1 .48) 
C34 1 .3605 (0.0205) 1 21 .76 ( 1 .46) 1 21 .53 (1 .39) 
C33 F22 C32 
C34 Distance Angles 
F21 1 .3490 (0.01 60) 
C29 1 .3749 (0.01 90) 1 20.31 (1 .31 ) 
C33 1 .3605 (0.0204) 1 1 5. 14  (1 .30) 1 24.39 (1 .40) 
C34 F21 C29 
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C35 Distance Angles 
C40 1 .3436 (0.02 1 2) 
C36 1 .4 1 33 (0.0214) 1 1 1 .75 (1 .46) 
81  1 .6225 (0.0214) 1 23.48 ( 1 .50) 1 24.62 (1 .38) 
C35 C40 C36 
C36 Distance Angles 
F1 6 1 .3654 (0.01 85) 
C37 1 .3590 (0.0234) 1 1 3 .30 (1 .71 ) 
C35 1 .41 33 (0.0214) 1 21 . 1 8 (1 .34) 1 25.43 ( 1 .83) 
C36 F 1 6  C37 
C37 Distance Angles 
C38 1 .3558 (0.0304) 
F 1 7  1 .3209 (0.0231 ) 1 1 8 .82 ( 1 .82) 
C36 1 .3590 (0.0233) 1 1 9 .20 (2.06) 1 21 .98 (2.22) 
C37 C38 F1 7 
C38 Distance Angles 
C37 1 .3558 (0.0304) 
C39 1 .3956 (0.031 6) 1 1 8.45 (1 .89) 
F1 8 1 .3296 (0.021 7) 1 23.22 (2.22) 1 1 7.71 (2.41 ) 
C38 C37 C39 
C39 Distance Angles 
C38 1 .3956 (0.031 6) 
C40 1 .3704 (0.0251 ) 1 1 8.83 (1 .94) 
F1 9 1 .3848 (0.0226) 1 21 .52 (1 .96) 1 1 9 .65 (2.05) 
C39 C38 C40 
C40 .- Distance Angles 
F20 1 .3596 (0.01 92) 
C35 1 .3436 (0.021 2) 1 1 8.72 ( 1 .50) 
C39 1 .3704 (0.0251 )  1 1 4.91 ( 1 .67) 1 26. 1 8  ( 1 .84) 
C40 F20 C35 
C41 Distance Angles 
C42 1 .3835 (0.0205) 
C46 1 .3894 (0.021 5) 1 1 1 .42 ( 1 .43) 
B1 1 .5974 (0.0220) 1 22.06 (1 .24) 1 26.50 ( 1 .42) 
C41 C42 C46 
C42 Distance Angles 
C41 1 .3835 (0.0204) 
F30 1 .3602 (0.01 69) 1 1 8.01 ( 1 .26) 
C43 1 .3749 (0.0206) 1 26.70 (1 .56) 1 1 5. 1 5  ( 1 .45) 
C42 C41 F30 
C43 Distance Angles 
C44 1 .3221 (0.0241 ) 
F29 1 .3541 (0.01 88) 1 1 9.54 ( 1 .55) 
C42 1 .3749 (0.0206) 1 1 9. 1 9 (1 .74) 1 2 1 .23 ( 1 .60) 
C43 C44 F29 
C44 Distance Angles 
C45 1 .361 7  (0.0263) 
C43 1 .3221 (0.0241 ) 1 20.28 ( 1 .66) 
F28 1 .3940 (0.01 90) 1 1 7 .46 ( 1 .77) 1 22 .26 ( 1 .90) 
C44 C45 C43 
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C45 Distance Angles 
C44 1 .361 7  (0.0263) 
F27 1 .3943 (0.01 89) 1 23 .42 (1 .72) 
C46 1 .4220 (0.0236) 1 1 8 .99 ( 1 .62) 1 1 7.58 (1 .89) 
C45 C44 F27 
C46 Distance Angles 
F26 1 .3480 (0.01 89) 
C45 1 .4220 (0.0237) 1 1 4.45 ( 1 .60) 
C41 1 .3894 (0.021 5) 1 22.00 ( 1 .51 ) 1 23.40 ( 1 .70) 
C46 F26 C45 
C47 Distance 
P2 1 .8450 (0.01 38) 
C47 
C48 Distance 
P2 1 .8338 (0.01 44) 
C48 
C49 Distance Angles 
P2 1 .7936 (0.01 41 ) 
Zr1 2.3578 (0.01 36) 1 32.68 (0.70) 
C49 P2 
C51 - Distance Angles 
C52 1 .7985 (0.01 54) 
C53 1 .8087 (0.01 67) 1 05.89 (0.82) 
C54 1 .8496 (0.01 59) 1 09.32 (0.77) 1 02.95 (0.79) 
82 2.07 1 6  (0.01 79) 1 1 4.48 (0.75) 1 1 0.90 (0.77) 1 1 2.48 (0.78) 
C51 C52 C53 C54 
C52 Distance Angles 
C51 1 .7985 (0.01 54) 
Zr1 2.3288 (0.01 30) 1 38. 1 4  (0.72) 
C52 C51 
C53 Distance 
C51 1 .8087 (0.01 67) 
C53 
C54 Distance 
C51 1 .8496 (0.01 58) 
C54 
F1  Distance 
C 1 6  1 .3349 (0.01 59) 
F1 
F2 Distance 
C1 5 1 .3766 (0.01 85) 
F2 
F3 Distance 
C 1 4  1 .3639 (0.01 77) 
F3 
F4 Distance 
C 1 3  1 .3795 (0.01 84) 
F4 
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F5 Distance 
C 1 2  1 .3951 (0.01 62) 
F5 
F6 Distance 
C1 8 1 .3681 (0.01 67) 
F6 
F7 Distance 
C1 9 1 .3563 (0.01 81 ) 
F7 
FB Distance 
C20 1 .3562 (0.01 85) 
F8 
F9 Distance 
C2 1 1 .3473 (0.01 65) 
F9 
F 1 0  Distance 
C22 1 .3890 (0.01 66) 
F 1 0  
F1 1 Distance 
C28 1 .3853 (0.01 49) 
F1 1 
F1 2 Distance 
C27 1 .3299 (0 .01 73) 
F 12  
F1 3 Distance 
C26 1 .361 4  (0.01 68) 
F1 3 
F1 4 Distance 
C25 1 .3 1 95 (0.01 42) 
F 14  
F 1 5  Distance 
C24 1 .3 140 (0.01 6 1 )  
F 1 5  
F16  Distance 
C36 1 .3654 (0.01 86) 
F 16  
F17  Distance 
C37 1 .3209 (0.0232) 
F1 7 
F1 8 Distance 
C38 1 .3296 (0.021 8) 
F 1 8  
F19  Distance 
C39 1 .3848 (0.0227) 
F 1 9  
F20 Distance 
1 92 
C40 1 .3596 (0.01 93) 
F20 
F21 Distance 
C34 1 .3490 (0.0 16 1 )  
F21 
F22 Distance 
C33 1 .341 3  (0.01 58) 
F22 
F23 Distance 
C32 1 .31 82 (0.0 18 1 )  
F23 
F24 Distance 
C31 1 .3744 (0.01 77) 
F24 
F25 Distance 
C30 1 .3769 (0.01 61 ) 
F25 
P2 Distance Angles 
C49 1 .7936 (0.01 40) 
C48 1 .8338 (0.01 46) 1 09.1 4 (0.67) 
C47 1 .8450 (0.01 38) 1 05.82 (0.66) 1 05.85 (0.71 ) 
81 2.0870 (0.01 59) 1 1 5.86 (0.66) 1 08. 1 9  (0.67) 1 1 1 .51 (0.64) 
P2 C49 C48 C47 
F26 Distance 
C46 1 .3480 (0.01 90) 
F26 
F30 Distance 
C42 1 .3602 (0.01 69) 
F30 
F27 Distance 
C45 1 .3943 (0.01 89) 
F27 
F29 Distance 
C43 1 .3541 (0.01 88) 
F29 
F28 Distance 
C44 1 .3940 (0.0 1 91 ) 
F28 
C55 Distance Angles 
C61 1 .3563 (0.031 9) 
C57 1 .341 0  (0.0264) 1 22.29 (2.21 ) 
C55 C61 
C56 Distance Angles 
C61 1 .3434 (0.0324) 
C59 1 .4321 (0.031 2) 1 23.89 (2.24) 
C56 C61 
C57 Distance Angles 
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C55 1 .341 0  (0.0264) 
C58 1 .4450 (0.0250) 1 2 1 .05 (1 .84) 
C60 1 .5530 (0.0269) 1 20.58 ( 1 .95) 1 1 8.27 ( 1 .87) 
C57 C55 C58 
C58 Distance Angles 
C57 1 .4450 (0.0250) 
C59 1 .4662 (0.0291 ) 1 1 7.49 ( 1 .90) 
C58 C57 
C59 Distance Angles 
C56 1 .4321 (0.031 1 )  
C58 1 .4662 (0.0291 ) 1 1 5 .23 ( 1 .93) 
C59 C56 
C60 Distance 
C57 1 .5530 (0.0269) 
C60 
C61 Distance Angles 
C56 1 .3434 (0.0325) 
C55 1 .3563 (0.031 8) 1 1 9.83 {2.5 1 )  
C61 C56 
Zr1 Distance Angles 
C52 2.3288 (0 .01 31 ) 
C49 2.3578 (0.01 37) 87.51 (0.45) 
C4 2.4678 (0.01 89) 1 33.84 (0.68) 1 1 5  .. 31 {0.62) 
C3 2.4814  (0.01 95) 1 02.04 . (0.72) 1 36.04 . (0.67) 33.77 (0.69) 
C6 2 .5592 (0.0206) 1 34.87 (0.63) 1 03.74 (0.70) 80.61 (0.79) 
C 1 0  2.4554 (0.0252) 88.25 (0.97) 1 32.81 (0.82) 1 00.95 (0.93) 
ca 2.4821 (0.0257) 1 1 5.24 (0.99) 1 34.79 (0.83) 77.64 { 1 . 1 3) 
C1  2.5388 (0.01 68) 91 .89 . (0.57) 85.54 (0.57) 53.79 {0.68) 
C9 2.51 46 (0.01 83) 80.96 (0.56) 1 00.84 (0.83) 1 27.86 (0.72) 
C7 2.5530 (0.01 85) 1 1 4.25 (0.82) 81 .67 (0.54) 1 08.67 (0.92) 
cs 2.5291 (0.01 79) 1 24.43 (0.60) 86.04 (0.52) 32.06 (0.62) 
C2 2.5608 (0.0203) 80.98 (0.55) 1 1 2 .73 (0.63) 53.62 (0.68) 
Zr1 C52 C49 C4 
Zr1 Angles 
C1 0 52.04 (1 .03) 
ca 32.64 (0.80) 27.68 (0.90) 
C1  1 31 .95 (0.66) 1 41 .58 (0.88) 1 28.84 
C9 54. 1 5 (0.65) 32.27 (0.86) 50.43 
C7 30.22 (0.69) 57.83 (0.97) 53.73 (0.87) 
cs 1 00. 1 3  (0.7 1 )  1 32.85 (0.90) 1 07.80 { 1 . 1 1 )  
C2 1 30.02 (0.74) 1 1 2.90 (0.95) 1 09.27 (0.97) 
C6 C1 0 CB 
C62 Distance Angles 
C65_$1 1 .3957 (0.0490) 
C64 1 .4475 (0.041 1 )  1 1 3.61 {3.55) 
C68_$1 1 .8623 (0.0783) 46.83 {2. 1 4) 1 3 1 .26 {3.39) 
C62 C65_$1 C64 
C63 Distance Angles 
C66 1 .3265 (0.0422) 
C67_$3 1 .3985 (0.0437) 1 23.63 (3.58) 
C63 C66 
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C64 Distance Angles 
C62 1 .4475 (0.041 2) 
C66_$2 1 .3961 (0.041 4) 1 22 .24 (3 .35) 
C64 C62 
C65 Distance Angles 
C68 1 .3637 (0.0664) 
C62_$1 1 .3957 (0.0490) 84.89 (4. 1 6) 
C67_$1 1 .3698 (0.0435) 1 1 7.56 (5.20) 1 24.90 (4. 1 5) 
C65 C68 C62_$1 
C66 Distance Angles 
C63 1 .3265 (0.0422) 
C64_$3 1 .3961 (0.041 4) 1 1 8.43 (3 .93) 
C66 C63 
C67 Distance Angles 
C63_$2 1 .3985 (0.0436) 
C65_$1 1 .3698 (0.0435) 1 1 6.77 (3 .65) 
C67 C63_$2 
C68 Distance Angles 
C65 1 .3637 (0.0662) 
C62_$1 1 .8623 (0.0783) 48.28 (3.64) 
C68 C65 
Symmetry transformations used to generate equivalent atoms: 
Anisotropic displacement parameters (A2x 1 o3) for cphafm. The anisotropic 
displacement factor exponent takes the form: -2 02[ h2 a•2u 1 1 + ... + 2 h k a* b* u 1 2 ] 
u 1 1  u22 u33 u23 u1 3 u1 2 
B1 0.03967 0.03468 0.03003 0.00399 0.01 839 0.00768 
B2 0.02973 0.03684 0.02983 0.00226 0.01 662 0.00090 
C1  0.0661 4 0.06095 0.04047 0.01 886 -0.00461 0.01 1 58 
C2 0.04751 0.07946 0.06507 -0.02005 -0.01 565 0.0241 7 
C3 0.0648 1 0.1 5804 0.06649 -0.0251 2  -0.001 73 0.07204 
C4 0.03057 0. 1 3060 0.07548 -0.01 527 -0.00759 0.00358 
cs 0.06451 0.07228 0.04354 -0.01 752 -0.0091 3 0.03392 
C6 0.07074 0.09064 0.09278 -0.01 340 0.03348 -0.02585 
C7 0.097 1 3 0.07943 0.1 8603 0.06845 0.1 2295 0.0 1422 
ca 0.05705 0. 1 1 733 0.23705 -0.04487 0.0561 3 -0.04573 
C9 0.0951 4  0.1 341 3 0.05930 0.03894 -0.02046 -0. 1 0546 
C 1 0 0.08892 0.21 1 59 0 .06974 0.04271 0.03680 0.00642 
C 1 1 0.03307 0.041 22 0.04040 0.00475 0.01 723 -0.01 683 
C 1 2 0.0361 1 0.04448 0.03437 -0.00696 0.01 505 -0.00851 
C 1 3 0.03063 0.07386 0.03625 0.00338 0.00773 -0.01 554 
C 1 4  0.03666 0.06763 0.04504 0.01 934 -0.00369 -0.01 092 
C1 5 0.0271 0 0.051 29 0.052 1 9 0.00875 -0.01 807 -0.01 367 
C1 6 0.03098 0.05363 0.03626 -0.01 008 0.01 31 4 -0.00334 
C1 7 0.02986 0.03525 0.03725 -0.01 1 57 0.01 203 -0.00851 
C 1 8 0.02644 0.03938 0.06758 0.00582 0.01 448 0.0031 8  
C 1 9 0.04232 0.03678 0.07645 -0.00755 0.01 755 -0.00590 
C20 0.061 64 0.051 1 3 0.07747 -0.01 1 49 0.0229 1 0.01 434 
C21 0.05835 0.05044 0.0641 2 -0.01 782 0.0451 1 -0.00672 
C22 0.04840 0.02947 0.05298 -0.01 044 0.02854 -0.0031 2  
C23 0.02951 0.03992 0.02794 -0.00835 0.01 400 0.00482 
C24 0.03598 0.02939 0.03981 -0.00384 0.01 21 3 -0.01 000 
C25 0.02863 0.031 23 0.03805 -0.00297 0.01 973 -0.00325 
1 95 
C26 0.05781 0.04142 0.0601 7 -0.0097 1 0.04160 -0.01 362 
C27 0.05054 0.05621 0.03406 0.01 662 0.01 387 -0.00142 
C28 0.02998 0.05039 0.04581 0.00537 0.Q1 645 0.01 032 
C29 0.03054 0.02994 0.02886 0.001 89 0.00335 0.00965 
C30 0.031 93 0.03082 0.04537 -0.00 1 63 0.00480 0.00080 
C31 0.03871 0.03784 0.07248 -0.01 390 0.01 480 0.00659 
C32 0.05602 0.05373 0.04682 -0 .01 286 -0.01 1 59 0.00147 
C33 0.04908 0.04528 0.03348 0.01 662 0.00420 0.02634 
C34 0.02421 0.04555 0.04645 0.00298 0.00442 -0.00081 
C35 0.05166 0.03751 0.03340 0.00160 0.01 597 0.02365 
C36 0.05497 0.05297 0.04495 0.01 322 0.0271 5  0.02438 
C37 0.08040 0.09256 0.09499 0.02207 0.06777 0.04665 
C38 0.1 0042 0. 1 41 09 0.07709 0.03452 0.06448 0.07737 
C39 0.1 0607 0.09273 0.041 58 0.01 1 71 0.02228 0.07590 
C40 0.06364 0.05303 0.04027 -0.00009 0.Q1 371 0.02335 
C41 0.04041 0.03327 0.0289 1 �0.00604 0.001 00 0.01 692 
C42 0.03939 0.03280 0.04543 0.Q1 309 0.0071 1 0.00471 
C43 0.05012 0.03547 0.05125 0.01 348 0.00731 -0.00490 
C44 0.04700 0.03939 0.06990 0.00363 -0.00753 -0.00907 
C45 0.04902 0.03327 0.08207 -0.02805 -0.01 648 0.00549 
C46 0.041 55 0.05702 0.04593 0.00696 -0.00225 0.00536 
C47 0.04923 0.04527 0.03046 0.01 732 0.02351 0.01 9 10  
C48 0.03197 0.0461 6 0.0391 8 -0.001 87 0.00533 -0.001 89 
C49 0.03833 0.04266 0.02 1 94 -0.00085 0.0091 0 0.00087 
C51 0.00001 0.00001 0.00001 -0.00450 -0.00889 -0.001 73 
C52 0.03249 0.0271 0  0.04735 -0.02191  0.01 857 -0.00301 
C53 0.03950 0.03649 0.04098 0.00583 0.02239 -0.00741 
C54 0.03124 0.04564 0.04238 -0.00856 0.00954 0.01 029 
F1  0.04590 0.031 00 0.04831 -0.00365 0.00144 0.0041 2 
F2 ·0.06342 0.05299 0.08267 0.01 1 57 -0.01 669 0.00731 
F3 0.07543 0.09484 0.06194 0.03077 -0.031 86 -0.02459 
F4 0.07242 0.09709 0.04303 -0.00859 0.0081 9 -0.02233 
F5 0.05597 0.05492 0.04762 -0.01 61 6 0.01 021  -0.00297 
F6 0.06674 0.03493 0.07345 0.02005 0.04548 0.00797 
F7 0.0971 4 0.02798 0.1 2529 0.02 1 59 0.051 68 0.00537 
F8 0.08256 0.03725 0.1 6544 -0.01 904 0.05009 0.01 923 
F9 0.07275 0.06 15 1  0.1 1 1 91  -0.0251 1 0.0591 7 0.00855 
F 1 0  0.06552 0.04706 0.061 35 -0.01 1 24 0.03853 -0.00351 
F1 1 0.04239 0.07741 0.04166 0.01 867 0.01 01 2 0.00862 
F 1 2  0.07035 0.1 2347 0.04186 0.02544 0.01 371 0.00625 
F1 3 0.09397 0.1 0009 0.05756 0.00736 0.05273 0.001 67 
F 14  0.04335 0.05936 0.07 1 56 -0.00971 0.03043 -0.00357 
F1 5 0.02821 0.06886 0.03870 0.00367 0.00584 -0.01 068 
F1 6 0.04073 0.07788 0.06246 0.00887 0.02169 0.00660 
F1 7 0.081 03 0. 1 31 08 0.1 2309 0.04654 0.07462 0.0471 2 
F1 8 0. 1 6429 0.28024 0.1 0080 0.09274 0.1 0428 0. 1 4351 
F 1 9  0.1 8225 0.1 7651 0.04406 0.00005 0.04200 0. 1 01 1 1  
F20 0.06938 0.08295 0.04020 -0.D1 933 -0.001 65 0.02 1 66 
F21 0.0461 3 0.03532 0.0591 0 0.00650 0.00203 0.00378 
F22 0.06620 0.08343 0.04575 0.01 1 27 -0.01 1 79 0.00351 
F23 0.08945 0.09936 0.07146 -0.02836 -0.021 62 -0.00526 
F24 0.07768 0.03806 0. 1 0561 -0.Q1 907 -0.01 006 -0.Q1 796 
F25 0.0431 5 0.03346 0.05747 0.00765 0.00762 -0.00282 
P2 0.03075 0.031 38 0.03075 -0.001 80 0.00919  0.00438 
F26 0.06636 0.05243 0.06708 -0.02534 0.0221 1 0.01 534 
F30 0.06275 0.04880 0.0431 9 -0.00400 0.02498 -0.00238 
F27 0.0701 8 0.04854 0.09098 -0.02881 -0.001 64 0.Q1 071 
F29 0.08286 0.05746 0.081 86 0.01 558 0.01 9 1 2  -0.01 906 
F28 0.08006 0.05067 0. 1 3084 0.00935 -0.00925 -0.Q1 954 
C55 0 .1 2080 0.0941 5 0.05220 -0.01 334 0.03890 -0.02071 
C56 0.03807 0.08381 0.09853 0.00232 -0.00453 0.01 805 
1 96 
C57 0.04035 0.06307 0.05582 -0.021 70 0.00668 -0.01 520 
C58 0.07222 0.1 0671 0. 1 01 1 0  -0.031 52 0.04941 -0.01 81 1 
C59 0.05686 0.08872 0. 1 1 926 -0.05360 0.01 942 -0.00477 
C60 0 . 1 0853 0.08236 0. 1 3781 -0.05048 0.031 1 7  -0.00284 
C61 0 . 1 1 699 0.1 0674 0.07270 0.03404 0.00956 0.01 367 
Zr1 0.02821 0.0561 0 0.041 47 -0.02003 0.01 428 -0.00495 
C62 0 . 1 7201  0.05884 0. 1 9729 -0.01 347 0.07375 0.00457 
C63 0 . 1 0909 0.20368 0.09644 -0.01 41 5 -0.00273 0.04 1 95 
C64 0.07942 0 . 1 8959 0. 1 6324 -0.0031 6  0.01 553 -0.04669 
C65 0 . 1 8648 0.1 6880 0.08909 0.00303 0.02743 0.00244 
C66 0 . 1 3457 0.1 6552 0 . 1 3879 0.01 091 0.03494 0.09 1 2 1  
C67 0 . 1 8557 0.1 5869 0 . 1 1 372 -0.07 1 88 0.02342 -0.01 571 
C68 0.49663 0.22377 0.50396 0. 1 1 1 43 0. 1 681 1 -0.1 7477 
1 97 
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RI 
Raw GPC Data 
-420 
[mV) 
�90 
m -560 
-630 
6.0 1 2.0 18.0 24.0 30.0 
Volume (ml) 
GPC data co llected in THF for the product of the reaction between 50b and propylene gas. 
-600 Raw GPC Data 
-640 
RI 
-680 
(mV) 
N 
.720 0 
0 
•760 
-800 
6.0 12.0 18.0 24 .0 30.0 
Volume (n) 
GPC data collected in THF for the product of the reaction between 44b, generated via M-C protonation, and propylene gas. 
RI 
-280 
{mV) 
-320 
I\) -360 
-400 
Raw GPC Data 
5.0 10.0 1 5 0 20.0 25 0 
\/olume (ml) 
GPC data collected in THF for the product of the reaction between 50a and propylene gas. 
-600 Raw GPC Data 
-640 
RI 
-680 
(mV) 
I\:) 
I\:) -720 
-760 
-800 
6.0 12.0 18 .0 24.0 30.0 
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GPC data collected in THF for the product of the reaction between 51a and propylene gas. 
-800 _J Raw GPC Data 
RI 
-840 
(mV) 
-880 
-920 
-960 
6.0 12.0 1 8 .0 24.0 30.0 
Volume (ml) 
G PC data collected in THF for the product of the reaction between 44a, generated via M-C protonation , and propylene gas. 
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